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ABSTRACT 
Damage growth and fracture at circular holes in a range of glass fibre and carbon fibre woven 
reinforced laminates loaded in tension has been studied. In tota\ thirteen different composite systems 
were investigated and a comprehensive database of base-line properties was obtained. Comprehensive 
notch edge damage analysis was performed by a combination of recording tests on video, plan view 
photography and a deply technique, enabling a layer by layer analysis. It was shown that the notch 
edge damage initiation and propagation comprised matrix cracking, fracture of the 0° tows, 
delamination and longitudinal splitting. In quasi-static lay-ups the tows in the fabric layers oriented at 
45° within the damage zone remained intact up to loads near the maximum load in a tensile test. The 
well known semi-empirical point and average stress criteria resulted in accurate notched strength 
predictions with the average stress criterion being better than the point stress criterion. A recently 
developed critical damage growth model, requiring as input parameters the unnotched strength and 
fracture toughness of the laminate which were measured from independent experiments, yielded 
accurate notched strength predictions (to better than 10%), while being very easy to implement. 
An introductory investigation into the residual strength of notched coupons after fatigue loading was 
carried out for glass fibre and carbon fibre laminates. For the quasi-isotropic glass laminate it was 
shown that the damage developed under fatigue was similar to that developed under quasi-static 
tensile loadings, except that the stable length of the damage zone achieved prior to catastrophic failure 
were longer, consistent with the lower load level applied during fatigue. These damage zones were 
shown to comprise matrix cracking, fracture of the 0° tows, delamination and longitudinal splitting, as 
they did under quasi-static loading. It was shown that the quasi-isotropic carbon laminate exhibited a 
slight improvement in residual strength with increasing fatigue cycles, but the improvement was not 
sufficiently high to suggest that the effect of the notch had been completely eliminated. 
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NOMENCLATURE 
a Single edge notch or crack length 
ao Whitney Nuismer Average Stress Criterion characteristic distance 
at Characteristic dimension of energy intense region of the Waddoups, Eisenmann and 
Kaminski model 
a2 Average characteristic dimension of energy intense region of the Waddoups, Eisenmann 
and Kaminski model 
aem Pipes, Wetherhold and Gillespie radius shift parameter 
Aij Component of the stiffness matrix 
b / Point strength model characteristic distance 
b2 Minimum strength model characteristic distance 
B Single edge notch sample thickness 
Bij Component of the stiffness matrix 
C Straight crack half-length 
Co Critical damage zone length predicted by the Critical Damage Growth model 
C Compliance 
Co Pipes, Wetherhold and Gillespie notch sensitivity factor 
d Circular centre hole or notch diameter 
do Whitney Nuismer Point Stress Criterion characteristic distance 
Dij Component of the stiffness matrix 
E Young's modulus 
E/ Longitudinal Young's modulus 
E2 Transverse Young's modulus 
Em Young's modulus of matrix material 
Be Young's modulus of fibres 
Ex Young's modulus along x co-ordinate axis 
Ey Young's modulus alongy co-ordinate axis 
Fo Correction factor for cracks growing from a circular hole 
G12 Laminate shear modulus 
Ge Critical energy release rate or Toughness 
He Fracture toughness equivalent parameter in the Mar-Lin model 
k Kim et al. (1995) notch sensitivity factor 
leo Karlak fitting parameter relating do to R 
Kj Curvature at the geometrical mid-plane of the laminate 
Ke Critical stress intensity factor or Fracture toughness 
K~ Fracture toughness of the 0° plies 
iii 
Kr Stress concentration factor for a plate of finite width 
Kra) Stress concentration factor for a plate of infinite width 
II Length of critical damage zone on the left hand side, in the schematic model 
lr Length of critical damage zone on the right hand side, in the schematic model 
m Pipes, Wetherhold and Gillespie exponential parameter 
Mf Mass fraction of fibre material 
Mi Membrane moment resultant 
Mm Mass fraction of matrix material 
Msa Mass of sample weighed in air 
AMs Mass difference of specimen when weighed in air and water 
n Exponent, is "the order of the singularity of a crack tip at the interface of two materials" 
ng Number of tows between crimps in both orthogonal directions in balanced fabrics 
nfg Number of tows between crimps in the weft direction 
nwg Number of tows between crimps in the warp direction 
Ni Membrane stress resultant 
PMax Maximum load 
Qc Poe and Sova toughness parameter 
R Circular hole radius 
Ro Pipes, Wetherhold and Gillespie reference radius 
'Vj- Volume fraction of fibre material 
Vm Volume fraction of matrix material 
WI Width of critical damage zone on the left hand side, in the schematic model 
Wr Width of critical damage zone on the right hand side, in the schematic model 
W Coupon / Sample width 
Y/ Finite width correction factor 
Y2 Finite width correction factor for a crack emanating from a hole 
E Strain 
&j Failure Strain 
8/ Strain at the geometrical mid-plane of the laminate 
8/ Longitudinal strain 
e, Transverse strain 
TJ Factor relating the stress in the laminate to the stress in the 0° plies 
A. Ellipse opening ratio 
v Poisson's ratio 
VI2 Longitudinal Poisson's ratio 
V2/ Transverse Poisson's ratio 
PI Density of fibres 
iv 
Pm Density of matrix 
ps Density of specimen 
Pw Density of water 
0"0 Unnotched laminate strength 
0"\ Remote applied stress 
0" app Applied stress for shear modulus determination 
O"N Notched laminate strength of a finite plate 
O"~ Notched laminate strength of an infinite plate 
uy Normal stress ahead of notch 
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CHAPTER 1. INTRODUCTION 
A composite material can be defmed as a multiphase material where the phase type, distribution and 
geometry have been controlled to produce a material where the properties are in some ways superior to 
those of the individual components. Composites consist of a matrix phase, dispersed within which is one 
or more phases of another material referred to as the reinforcement phase. The reinforcement phase may 
be fibrous, particulate or lamellar in form. The second phase can even be a gas, as in the case of foams, a 
composite of a solid and a gas, for which the properties can be tailored to match the required performance 
requirements. 
Although modern engineering composite materials are generally considered to be man made, the concept 
of composite materials is readily found in nature. Almost all natural load-bearing materials (e.g. wood, 
bone, teeth and muscle) are composite materials with complex internal structures, which lead to 
mechanical properties suited to their performance requirements. The use of natural composite materials, 
and deliberately combining materials to obtain improved properties, has been used by mankind for 
thousands of years, dating back probably before the use of the wheel. In biblical times the importance of 
incorporating straw in the manufacture of bricks, to improve the fracture toughness of the brick, was 
recognised. Other examples of early use of composite materials are paper and concrete, both of which 
were known to ancient Romans. 
In modem times, development and use of composites began in the 1940s with glass fibre reinforced 
polymers commonly known as fibreglass. Many engineering applications from specialised aerospace 
structures to consumer sports goods (such as tennis, badminton and squash racquets, skies and golf clubs) 
utilise fibre reinforced composites to give mechanical properties well suited to the performance 
requirements. Today the most common type of continuous fibre reinforcement used is based on layers of 
unidirectional fibres stacked at various orientations to produce a laminate structure. However, many other 
forms of reinforcement are available, such as discontinuous short fibre mats, conventionally woven 
fabrics and non-crimp, braided, knitted and three-dimensional woven fabrics; all of which are finding 
increasing use. 
Woven reinforcements are typically two-dimensional fabrics consisting of interlaced orthogonal tows, 
which are woven into fabric patterns (such as plain weave, twills and various satin weaves) using the well-
established weaving technologies. A wide variety of weave patterns (both two and three dimensional) are 
available commercially and can be woven using different tow sizes to obtain a desired weight or areal 
density. Woven reinforcement composite materials offer enhanced drapability (ability of fabric to 
conform to complex shapes) and economy of effort with regard to manufacturing options (one fabric 
reinforcement layer is equivalent to two layers of tmidirectional reinforcement). Although tow crossover 
points or "crimps" lead to a reduction in some mechanical properties (notably strength), overall 
mechanical properties remain adequate, and in some respects, such as damage tolerance, they are 
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improved compared to composites based on unidirectional reinforcement. These advantages have not 
gone unnoticed and there is an increasing interest in the application of woven reinforcement composite 
materials for structural engineering applications, especially in the aerospace industry. 
The aerospace industry is one of the leading developers of resin impregnated woven reinforcements, for 
use in many load bearing engineering structures such as aeroplane fuselage components, leading edges of 
fms and wings, and engine cowls, essentially any structural component that can take advantage of the 
strength and stiffuess to weight ratios offered by the woven reinforced composites. An early example of 
resin impregnated fabric reinforcements used by the aerospace industry was the use of doped fabrics 
(linen fabric painted with a 'dope'), covered over wooden frames to produce a light aerodynamic material; 
these were used extensively up until the Second World War. Fabric composite use was extended to 
primary structures with the development of stiffer engineering fibres, such as aramid, boron and carbon 
fibres .. 
Most literature on composites is based on continuous unidirectional fibre reinforced composites as they 
offer higher strength and stiffness, including the ability to tailor properties in specified directions. The 
literature associated with fabric compo~ites, whil~ -de~eiopi~g rapidly, is less extensive at present. In 
order to have confidence in the structural integrity of composite components, designers must possess a 
good understanding of the effect of stress concentrations around design features such as cut-outs. 
Therefore this project aims to contribute to the understanding of notched laminate properties, notch 
edge damage and predictive modelling of notch strength for woven quasi-isotropic GFRP and range of 
woven CFRP laminates. 
The structure of the thesis is as follows. A literature review in Chapter 2 is followed by a description 
of the different woven GFRP and CFRP laminates investigated are presented (Chapter 3) together with 
the experimental techniques utilised in this project. 
Chapter 4 deals with the study of the glass fibre reinforced polymer system and is concerned with 
extending the study of Manger (1999), which considered notched woven cross-ply laminates, to 
include the fracture of notched woven quasi-isotropic GFRP laminates. The basic property data for 
the glass reinforced quasi-isotropic laminates are presented along with qualitative and quantitative 
observations relating to the damage growth prior to fracture. Three notched failure criteria are applied 
to the data, followed by a comparison between the model predictions and the experimental data (with 
associated discussion). 
In Chapter 5 the results of the experimental work carried out on the carbon fibre reinforced laminates 
are presented. The basic property data for the carbon fibre reinforced laminates are outlined (with an 
3 
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emphasis on the data pertinent for the modelling carried out in the following chapter) followed by 
observations relating to the damage growth prior to fracture. Then, in Chapter 6, the same models 
used in Chapter 4 are applied to the data for the carbon fibre reinforced laminates and the model 
predictions are compared to the experimental data and discussed. The orthotropic considerations of a 
physically based model are discussed, ending with a parametric study of the resilience of the 
physically based model. 
Previous work on fatigue of notched woven CFRP laminates by Curtis and Moore (discussed in the 
literature review) has demonstrated an increase in residual strength with fatigue cycling, suggesting 
that there is a notch blunting mechanism. In Chapter 7 the results of a preliminary fatigue study are 
presented. The results for the GFRP laminates are presented together with qualitative and quantitative 
observations relating to the damage growth observed under fatigue loading. Then the CFRP results 
are presented followed by a discussion and concluding remarks. 
Finally, Chapter 8 summarises the conclusions of this project and presents suggestions for further 
work in this area. 
4 
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CHAPTER 2. LITERATURE REVIEW 
2.1. Introduction 
The present study is concerned with characterising and modelling damage growth and failure from 
circular holes in (a) quasi-isotropic woven fabric glass fibre/epoxy composites, (b) cross-ply woven 
fabric carbon/epoxy laminates, and (c) quasi-isotropic woven fabric carbon/epoxy composites. Hence, 
there is a range of topic areas to be addressed in this literature review. 
This review starts by defining the terms used to characterise woven fabrics and examining some of the 
common types of weave architecture used in engineering composite materials. The following sections 
look at the behaviour of woven fabric composites under quasi-static loading, the notched strength of 
woven composites, and models developed to predict the notched strength. Finally, a review of the 
fatigue of notched woven composites is made. 
2.2. Woven Fabric Reinforcement - Nomenclature and Notation 
There is a range of different woven fabric reinforcements available for use in composite materials. These 
include two-dimensional woven, three-dimensional woven, knitted, braided and stitched non-crimp 
fabrics. As the composites investigated in this study are based on the two-dimensional woven 
reinforcement, the present discussion will concentrate on this type of fabric. Before the various styles of 
weave are introduced, the terms used to describe fibre and weave architectures are defined. 
A two-dimensional woven fabric consists of two sets of orthogonal yams or tows. The tows that are 
aligned in the weave or roll direction are termed warp tows, and the tows aligned orthogonally to the 
weave direction are termed weft or fill tows. The point where one tow cross over another tow, or the 
region in a tow where curvature is present to allow another tow to pass under or over, the tow orientated in 
the orthogonal direction, is termed the crimp. 
A woven fabric can be characterised by several parameters. The weight of the fabric (normally expressed 
in grams per square metre) and the thickness of the fabric (quoted under a specified compressive load) are 
relatively simple fabric parameters. The tows from which the fabric is woven can be described by a tex 
value, which is the weight in grams of 1000 m of the tow. The terms ends and picks describe the number 
of warp tows and weft tows, respectively, per unit length. A weave is described as balanced if the number 
of ends equals the number of picks. One way of deliberately obtaining unbalanced laminate properties, 
aside from varying the number of ends and picks, is if the fibres used in one of the orthogonal directions 
are of a different material compared to the fibres in the orthogonal direction; such fabrics are known as 
hybrids. A hybrid fabric may also contain different types of fibre in the same orthogonal direction or even 
co-mingled into the same tow. Woven fabrics are identified by the repeating pattern formed by the tow 
crossover points or crimp regions, using the notation developed by Chou and Ishikawa (1989). In this 
6 
CHAPTER 2. LITERATURE REVIEW 
notation, the term 1ljg denotes that a warp tow crosses over every nfgth weft tow and similarly, the term Ilwg 
denotes that a weft tow crosses over every Dwgth warp tow. In most weave architectures the value of nfg is 
the same as the value of D..g, so an abbreviated ng value is used to describe the weave pattern. 
In a plain weave (PW) fabric, for example, the value of fig is two, so a weft tow crosses over every other 
warp tow. Twill weaves have a value for fig of three, so a weft tow crosses over every third warp tow. In 
a satin weave the value of fig is greater than four and the crimp regions are isolated from one another. 
Common satin weaves are five harness satin (SHS) and eight harness satin (8HS), where the 
corresponding values of fig are five and eight, respectively. Some of the common weave styles are 
il1ustrated in figure 2.1. 
(a) 
(b) 
(c) 
I---------=_______ weft 
warp 
crimp region 
(d) 
Fig. 2.1. Schematic illustration of common weave styles; (a) Plain Weave, where ng = 2; (b) Twill Weave, 
where ng = 3; (c) Crow Foot Satin Weave, where ng = 4; and (d) Eight Harness Stain Weave, where ng = 
8 (Ishikawa and Chou 1982a). 
The different weave patterns or styles produce fabrics with varying physical and mechanical properties. 
For example, an 8HS weave fabric reinforcement resuhs in a slightly stiffer laminate when compared to a 
PW fabric reinforcement based on the same volume fraction. This is attributed to the lower density of 
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crimp regions present in an 8HS fabric as compared to a PW fabric. The 8HS weave fabric also has a 
higher degree of drapability than an equivalent PW fabric. The lower number of tow cross-over points in 
the 8HS weave results in a greater freedom of movement of the orthogonal tows as compared to a PW 
fabric. A PW fabric, however, will tend to produce a laminate with better impact resistance than an 8HS 
weave fabric laminate, as the high density of crimp regions tend to localise impact damage by arresting 
crack growth at the tow crossover points. Due to periodicity of the crimp regions in a PW fabric, the PW 
fabric layers tend to nest together more tightly than the 8HS fabric layers, which results in a relatively 
higher volume fraction for the PW fabric laminate compared to a 8HS fabric laminate, assuming the same 
number of reinforcement layers. 
2.3. Mechanical Behaviour of Laminates Based on Woven Fabric Reinforcement 
2.3.1. Introduction 
Much of the literature on composite materials is concerned with conventional continuous (non-woven) 
fibre reinforced laminates and the behaviour of these materials is now generally understood, with 
appropriate models available to predict their mechanical behaviour with varying degrees of complexity 
and success. The literature concerning woven fabric composites however is more limited. In this section 
the predictive methods for determining undamaged woven laminate properties, the damage development 
under quasi-static loading and the modelling of subsequent property degradation due to damage are 
examined. 
2.3.2. Elastic Property Modelling 
The theoretical modelling of undamaged elastic behaviour of woven composite laminates has been 
extensively investigated, with published work ranging from simplified one-dimensional closed form 
representations to sophisticated three-dimensional finite element analysis. One of the notable early closed 
form, one-dirnensional (lD), analyses is that of Ishikawa and Chou (1982a). The starting point for the 
analysis is classical laminate plate theory: 
1J j B
.'](&OJ 
Dij 1( j (2.1) 
In equation 2.1, Ni and Mi are membrane stress and moment resultants; &jo and Kj indicate strain and 
curvature at the geometrical mid-plane of the laminate; Aij, Bg and Dg are the components of the stiffness 
matrix. In the laminated plate theory analysis, the upper bounds of the thermo-elastic constants can be 
found by assuming iso-strain conditions in the laminate and the lower bounds of the constants can be 
found by assuming iso-stress conditions in the laminate. 
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The mosaic models oflshikawa and Chou (1982a) considered the woven laminate as an assemblage of 
cross-ply laminae, which ignored fibre undulation and continuity. Presented in figure 2.2. is a schematic 
diagram showing the principle of the mosaic model. The two dimensional form of the laminae was then 
reduced by two different analyses to a one-dimensional structure. The parallel model assumes a constant 
strain in the laminate and this results in the upper bound of the in-plane stiffness constants. The series 
model assumes a constant stress in the laminate and this results in the lower bound for the in-plane 
stiffuess constants. In summary, the mosaic models provide: an approximate estimate of the thermo-
elastic properties of woven fabric composite materials. 
(a) 
(b) 
//// :~ I: . :1 . 1 I: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
(c) (d) 
Fig. 2.2. Schematic of principle of the mosaic model; (a) repeating unit of 8HS fabric; (b) repeating unit 
of a cross-ply; (c) parallel model; (d) series model (Ishikawa and Chou 1982a) 
The crimp model, an extension of the mosaic series model, considers fibre undulation and continuity in 
the direction of loading (with the use of a sinusoidal function) and is particularly suited for plain weave 
reinforcement. Laminate plate theory is applied to a series of infmitesimal thin slices perpendicular to the 
loading direction. As the crimp model takes the crimp regions into account, it predicts in-plane elastic 
properties that are lower than those predicted by the mosaic model. It was reported that the predicted 
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thenno-elastic properties from this approach gave better agreement with the experimental data than the 
mosaic model. 
The mosaic model and crimp model both consider the weave as a simplified one-dimensional fabric strip, 
resulting in relatively inaccurate predictions. A model developed for satin weaves, the bridging model 
considers that the isolated crimp region in the unit cell has a lower stiffness than the surrounding straight 
tow regions. As the crimp region has a lower in-plane modulus it therefore carries less load than the areas 
surrounding it. The areas surrounding the crimp region act as bridges for load transfer. The bridging 
model defines the regions around a crimp and the crimp region itself, which are then assembled using an 
iso-stress condition using both the series and parallel models. The bridging model takes fibre undulation 
into account by using the approach developed for the crimp model. 
There was a large discrepancy in the reported predictions of the mosaic and crimp models, especially at 
small values of ng. Good agreement was reported between the bridging model and experimental data 
(Ishikawa et al., 1985). These models have also been used to predict the thenno-elastic properties of 
composites made from hybrid woven fabrics (Ishikawa and Chou, 1982b). Amongst the parameters not 
considered in the early models of Chou and co-workers ~e the elliptical cross section of the longitudinal 
tows, the undulation of transverse tows or the resin rich area between adjacent tows, all of which are 
features of woven fabric reinforcements, especially those with low ng values. 
An extension of the previously discussed one-dimensional models was made by Naik and Shembekar, 
who developed two two-dimensional models for plain weave composites based upon laminate theory 
(Naik and Shembekar, 1992a, 1992b and Shembekar and Naik, 1992). In their models they considered 
fibre undulation and tow continuity in both the warp and weft directions without sub-dividing the unit cell 
and thus represent the fabric structure more accurately. They also took into account the effect of shifting 
individual fabric layers relative to each other and the presence of a gap between adjacent tows. The 
models use similar functions as those used by Ishikawa and Chou (1982a) to describe tow undulation. 
These models are distinguished by the way in which the unit cell is discretised and considered in the 
analysis. In both cases the lamina is considered to be under an in-plane tensile stress along an orthogonal 
axis. hi the series model the required assembly is that the infinitesimal pieces of a section parallel to the 
loading direction are in series with respect to the loading axis and are assumed to be under an iso-stress 
condition. Then, in the analysis, all the infinitesimal pieces of sections parallel to the loading direction are 
assembled with an iso-stress condition, and then all the sections parallel to the loading direction are 
assembled with an iso-strain condition. hi the parallel model the assembly required is that the 
infinitesimal pieces of a section perpendicular to the loading direction are parallel to the loading axis and 
are considered to be under an iso-strain condition. 
10 
CHAPTER 2. LITERATURE REVIEW 
The authors reported that the predictions of both models showed good agreement with experimental 
results, although Young's modulus had an error range up to 25%. The analysis implied that there is an 
optimum inter-tow gap for laminate Young's modulus depending on the material system and fabric 
architecture. 
The models developed by Shembekar and Naik (1992) showed that elastic properties could be tailored by 
variation of the relative shift of the fabric laminae, Where the term "relative lamina shift" is used to 
describe the in-plane horizontal movement of one lamina layer with respect to another. When fabricating 
a multi-layer woven composite laminate there are many possible combinations of relative lamina shifts. 
The extent of the elastic property variation between different lamina shift configurations was found to 
depend on the lamina thickness to tow width ratio, and tow undulation to tow width ratio. For example, 
for a constant tow undulation to tow width ratio, the elastic moduli were found to decrease as lamina 
thickness increased. For larger lamina thicknesses, shifted configurations were found to produce 
significantly higher elastic moduli to their other configurations. However, it should be considered that the 
production of laminates with predetermined relative lamina shifts is, in practice, very difficult to achieve. 
Even though modern tape laying machines are capable of positioning laminae accurately, the fine 
structure of some weaves and the tendency of weaves with low ng values to nest makes it impractical to 
lay up laminates precisely as required. Relative lamina shift can affect a range oflaminate properties, and 
although difficult to control during laminate fabrication, lamina shift is a factor that needs to be taken into 
account when considering the mechanical response of a woven composite. 
Two different, two-dimensional laminate plate theory based models for the prediction of on-axis elastic 
properties of plain weave fabric composites were presented by Naik and Ganesh (1992). The unit cell 
they used is represented by a quarter of the interlaced repeating unit of a plain weave fabric. The first 
model, the slice array model, discretises the unit cell into slices parallel to the loading direction and 
analyses them separately by considering them as asymmetric cross-ply laminates. They found that 
dividing the unit cell into SO slices produced satisfactory results. To consider undulation, appropriate 
trigonometric functions were used to obtain the elastic constants of the idealised laminate slices from the 
elastic properties of the individual layers. The unit cell is then re-assembled in an iso-strain condition to 
obtain the elastic properties. In the second model, the element array model the unit cell is discretised into 
SO slices either parallel or perpendicular to the loading direction and these slices are then further 
subdivided into SO elements. These elements are re-assembled in one of two ways using a similar method 
as that of Naik and Shembekar (1992a) to create the series-parallel and parallel-series models. Although 
the experimental investigation was limited, good correlation (agreement being within 5 %) was reported 
between predicted and experimental results. For material systems investigated the slice array model 
slightly over predicted elastic moduli than the slightly more complex element array model. The element 
array, parallel-series model was preferred, as it did not include local bending deformations, which are 
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constrained in plain weave laminates. The authors also proposed modifications to the simple mosaIc 
parallel model oflshikawa and Chou (1982a). 
Thus far the two-dimensional analyses reviewed discretise the unit cell into elements and slices, then the 
elastic properties of these simplified elements and slices are derived and then reassembled to predict the 
elastic properties of more complex fabric laminate; this involves substantial computation. A simple, 
accurate closed form analysis for predicting the thermo-elastic properties of plain weave composites was 
proposed by Naik and Ganesh (1995). Again a unit cell is considered which consists of a quarter of the 
repeating interlaced region. The unit cell is modelled as an asymmetric three layer cross-ply laminate, 
consisting of pure matrix, warp tows and weft tows. This approach is similar to the slice array model but 
does not sub-divide the unit cell into smaller elements. Then, as with the previous models, the thermo-
elastic properties of the idealised cross-ply laminate are determined which allows the thermo-elastic 
properties of the woven fabric lamina to be calculated. The thermo-elastic properties of the tows forming 
the woven laminate are required to determine the thermo-elastic properties of the idealised cross-ply 
laminate. The warp and weft tow cross-sections and undulation are described by sinusoidal functions and 
this enables tow thickness and undulation angle to be determined. The local reduced compliance 
constants are calculated and then averaged over the length of the tow to determine the effective tow 
compliance. The variation in inclination angle is considered to be sinusoidal or linear. The thermo-elastic 
properties of the idealised cross-ply laminate are calculated using classical laminate plate theory based on 
the effective thermo-elastic properties of the undulated tows. There was good correlation between 
predicted and experimental data for the twelve woven fabric systems investigated, comparing favourably 
with the element array model (Naik and Ganesh, 1992). A circular path for the tows produced slightly 
higher modulus predictions than a sinusoidal path, especially at higher tow thickness to width ratios, 
although the sinusoidal path is more representative of the real situation as it represents the tow shape more 
accurately. 
Vandeurzen et al. (1996a, 1996b) proposed a three-dimensional analysis for woven fabric composites, 
which was based on a library of 108 cells, from which a wide variety of woven laminae unit cells could be 
built. The geometric analysis uses several parameters to describe woven fabrics which are implemented 
in a Microsoft Excel® application called Texcomp. The laminate properties prediction is based on the 
fabric geometry model of Ko and Chou (1989), and involves treating each tow in the unit cell as a 
unidirectional lamina. The contributions from the laminae are combined using an iso-strain condition and 
classical laminate plate theory analysis is then used to predict the laminate properties. An improved fabric 
geometry model was developed for the Texcomp application which involved the modelling of each tow 
system with a simplified separate fibre and matrix layer (called the "combi-cell model"). It was reported 
that the models agreed well with each other, except that the fabric geometry model over-predicted shear 
moduli. However, as the models were only compared with limited experimental data, it is difficult to 
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assess their true ability and performance. Although it was claimed the application Texcomp provides a 
user-friendly, versatile design tool, this is not apparent from the literature. 
The closed form models discussed above can predict overall thermo-elastic properties satisfactorily but for 
detailed local stress analysis they are far too crude. Such a detailed stress analysis of woven composites 
can be achieved using finite elements analysis. Finite element analysis methods tend to be very 
complicated due to the complexity of the fibre architecture and despite using many simplifications and 
assumptions to reduce the complexity, finite element analysis still requires large amounts of 
computational power. Using a three-dimensional fmite element analysis involving a large number of 
twentynoded isoparametric brick elements to study plain weave composites, Whitcomb (1991) found that 
the elastic modulus and Poisson's ratio could be predicted successfully. 
As woven composite structures tend to be several plies thick in practice, the number of elements required 
for a fmite element analysis soon becomes unrealistically large. Whitcomb et al. (1994) proposed a 
displacement based fmite element model, which took into account the spatial variation in properties within 
the element; although the analysis used is only two-dimensional, the theory is valid for three-dimensional 
modelling. Woo and Whitcomb (1994) developed the use of macro elements and proposed a globalllocal 
fmite element analysis for textile composites. Using a relatively crude global mesh as a macro element 
they were able to obtain the overall response of a structure. They used conventional fmite elements as 
refined local meshes for analysing local areas where large stress variations were thought to exist. This 
method allows for detailed local analysis to be carried out where required, with a significant reduction in 
computational time and a relatively small loss in accuracy. 
All the previous models do not consider the effect of a free surface on the elastic properties and stress 
distribution within a unit cell of a woven composite laminate. Whitcomb et al. (1995) performed a 
qualitative two-dimensional analysis that suggested that both stiffuess and stress distributions were 
affected by such boundaries. 
In summary, it has been shown that there are many different ways to model the thermo-elastic response of 
woven composites using closed form and finite element analyses. The closed form analyses presented 
vary in complexity but are generally simpler to implement than the finite element analyses. 
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2.3.3. Evolution of Damage 
Understanding the evolution of damage in woven fabric composite materials is an important precursor to 
modelling the effect of damage on laminate properties and the subsequent failure. 
Damage development during incremental loading of four layer 8HS weave carbon/epoxy laminates was 
studied by Roy (1994), who used microscopy to observe damage at the polished edges of coupons. Two 
different lay-up configurations were used; in one configuration the four layers of fabric were stacked 
symmetrically while in the other configuration the four layers were stacked one on top of the other. 
Although initial damage development was not discussed in detail, it was noted that damage was not 
consistent throughout the laminate cross-sections. This was attributed to local stress field variations due 
to tow nesting. It was postulated that in order to predict damage development and failure mechanisms in 
woven fabric composites accurately, a stress analysis across the full laminate thickness would be required. 
This may be 'nfeasible however, considering the complexity of some the current approaches for 
modelling damage in woven composites that consider only the fabric unit cell. 
Gao et al. (1999a) investigated damage development in 8HS woven carbon fibre reinforced composites. 
The forms of damage observed were transverse matrix cracking, delaminations and longitudinal splitting. 
The first damage type to initiate was transverse matrix cracking, where short cracks spanning the fibre tow 
width initiated at low strain levels; these cracks eventually spanned the full sample width at higher strain 
levels. The transverse matrix cracking was similar in nature to that observed in non-woven composites. 
At high levels of strain, delarninations were observed to initiate at the intersection of transverse matrix 
cracks and at the crimp regions of longitudinal tows. It was found that in fractured coupons, 
approximately half of crimp regions had associated delarninations. Longitudinal splitting in the surface 
layer of laminates was observed to initiate shortly after the onset of transverse matrix cracking. The 
longitudinal splits maintained a fairly constant length, approximately equivalent to the length of the inter-
crimp distance of the fabric. 
Roy (1996) performed another in-situ damage development and failure study using carbon/epoxy 
unidirectional pre-pregs, producing model laminates with varying degrees of tow crimping in one of the 
orthogonal directions. This was achieved by accurately positioning strips of unidirectional plies on either 
side of a uniaxial fibre array. Using conventional cross-ply laminates as reference material, the damage 
development and failure modes at polished edges were observed in-situ using a loading stage attached to 
an optical microscope. The initial form of damage observed in all the laminates was transverse matrix 
cracking, which initiated at lower levels of strain in the model laminates as compared to the cross-ply 
laminate. Crack initiation in the form of transverse matrix cracks in the modellarninates was unexpected, 
as the expected initial damage in the 8HS laminates was tow interface cracks. This however is not 
consistent with the findings of Gao et al. (1999a). The model laminates with crimp regions similar in 
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number to the 8HS laminates failed within these crimp regions, with strengths approximately 20 % lower 
than that of the cross-ply laminate. The model laminates with intermediate levels of crimping failed in 
longitudinal tow sections at similar strength levels to the cross-ply laminate. 
It is evident that the damage development in woven fabric composites is dependent on the architecture of 
the weave and can be very complex. The combinations of weave patterns, tow architectures and laminate 
configurations possible lead to a wide range of associated damage morphologies. 
2.3.4. Effect of Damage on Elastic Property Modelling 
The fibre architecture of woven fabric structures can be complex and varies from one fabric to another. 
As a result the associated damage morphology is also complex and not always fully understood. 
Based on their earlier work on crimp and bridging models, Ishikawa and Chou (1983) produced early 
models to account for the effect of weft cracking on laminate behaviour. Multiple transverse cracking 
was assumed to occur progressively at strain levels well below the laminate failure strain, contributing to 
non-linear stress-strain behaviour. Shear deformation oflongitudinal threads and extensional deformation 
of pure matrix regions were other factors considered in the model. The transverse cracking was modelled 
by assuming that when the local strain reaches the failure strain of the transverse layer the warp tow 
(transverse direction) fractures. To represent a reduction in elastic properties of this region the effective 
reduced stiffness constants of the weakened transverse warp material were divided by a factor of one 
hundred. The transverse cracking process was assumed to continue until the lowest strain in the warp 
regions reached the fracture strain of the transverse warp tow. The model assumes that laminate plate 
theory can be applied to the cracked warp region. The model showed excellent agreement for the 
prediction of the stress-strain response for a glass/polyimide 8HS weave laminate. However, comparisons 
with other fabric types in which significant non-linear behaviour would be expected, such as a plain 
weave laminates, were not carried out. 
The effect of damage on laminate properties for two, four and six layer woven carbon/epoxy laminates 
was investigated by Gao et al. (1999b). A stiffness reduction of approximately 5 % prior to failure of the 
two layer laminate due to matrix cracking and delaminations was observed. In the thicker laminates the 
stiffness reduction observed was only around 2 % and this difference was attributed mainly to the reduced 
role of delaminations in the thicker laminates (Gao et al., 1999a). The reduction in stiffness was modelled 
using a shear-lag approach based on an equivalent cross-ply laminate. For the two layer laminate the 
crimp region was modelled and an associated delamination was simulated by decoupling the interface 
between the warp and weft tows in that region. It was shown by Gao et al. (1999a) that the location of 
delaminations in thicker laminates was irregular and thought not to have the same influence on 
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mechanical properties and were therefore not considered in this analysis. The prediction of Young's 
modulus reduction for the two layer laminate was satisfactory, but the models for the thicker laminates 
tended to over-predict the reduction in Young's modulus. It was suggested that approximately 2 % of the 
total Young's modulus reduction (of 5 %) prior to failure in the two layer laminate was due to the effect of 
the delaminations. Investigations were also carried out for the Poisson's ratio and residual strain in the 
laminates. Using the shear-lag analysis, the change in Poisson's ratio with increasing damage density was 
modelled, with general trends being described satisfactorily. 
A finite element analysis allows a detailed stress analysis to be perfonned as the fabric structure is 
represented accurately, but also involves usually some simplifications of the architecture. Whitcomb and 
Srirengan (1994) simulated the progressive failure ofa plain weave composite using a three-dimensional 
finite element analysis. A lenticular cross-section following a sinusoidal path was used to represent the 
fibre architecture. The effects of various approximations in the fonnulation of the model were 
investigated. Varying the number of quadrature points affected peak stress, damage initiation strain and 
stiffness reduction. Mesh refmement was also observed to have an effect, as a coarse four element mesh 
was found to be quite inaccurate in predicting peak stress and corresponding strain, initial damage and 
size of damage zones. Although further numerical investigation was required there were indications that 
results were converging as the mesh was refmed. Three elastic property material degradation models 
were considered, all of which modified the constitutive matrix of the finite element model to account for 
the damage. The first method, the non-selective discount model, assumed the material totally failed when 
any strength parameter was exceeded, reducing the elastic constants to zero. The second method, termed 
the selective RC model, selectively reduced the rows and columns of the constitutive matrix to zero 
depending on which particular stress allowable was exceeded. The third method, the Blackketter model, 
selectively reduced the engineering moduli according to the particular stress allowable that was exceeded. 
Of the three models the Blackketter model was the preferred technique. The resultant peak stress 
predictions varied by approximately 20 % for the three models investigated. An investigation into the 
effect of tow waviness on mechanical property and damage development was also carried out. The results 
suggested that tow waviness affected the stress at which damage initiates as well as the type of damage 
that occurs. 
Naik (1995) proposed a failure analysis of woven and braided composites using a micro mechanics 
analysis on a computer-based code called Texcad. Tow architecture was modelled using suitable 
sinusoidal shape fimctions for the undulation, which were discretised into n linear slices perpendicular to 
the tow direction. The straight sections of the tows were modelled as larger single sections. A maximum 
strain criterion was used to predict the fibre dominated failure. The composite was assumed to fail when a 
single axial tow failure was detected within the unit cell or when all of the discretised tow slices failed in a 
transverse tensile mode. Shear loading failure was predicted when all the tow slices failed in an in-plane 
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shear mode. The Blackketter method of Whitcomb and Srirengan (1994) was used to model the stiffness 
reduction and the calculated mechanical properties compared well with the available experimental data. 
The predicted compressive and tensile stress-strain relationship for the plain weave laminate compared 
well with experimental data with the laminate strength predictions being within 5 % of the experimental 
data. 
Although the closed form models involve many assumptions, they are able to roughly predict the 
reduction in laminate properties due to the introduction of damage, whilst the advantage of the finite 
element analyses is their ability to predict the type and location of damage under quasi-static loading. 
However, as mentioned previously fmite element methods tend to be very complex and not easy to 
implement. Although the models discussed utilise many simplifications, further work is still required 
before they can be utilised as useful design tools. 
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2.4. Notch Strength of Woven Composite Materials 
2.4.1. Overview 
The behaviour of composite materials containing discontinuities, holes and cracks is complex due to 
the variation in damage progression and failure modes found in different composite systems and 
standard composite failure criteria are not able to predict notched failure strength. 
The problem of predicting the notched strength of composite materials is one that has attracted a great 
deal of research over a period of around 30 years. During that time models have been developed 
which enable notched strength to be predicted reasonably reliably, but these approaches are often 
semi-empirical in nature in that they require calibration against at least one experimental data point. 
This empirical element means that such models potentially need to be re-calibrated if any aspect of the 
problem is changed. The most widely cited early studies are those of Wad do ups et al. (1971) and, in 
particular, Whitney and Nuismer (1974) and Nuismer and Whitney (1975). The point and average 
stress criteria models of Whitney and Nuismer (1974) require the evaluation of "characteristic 
distances". For the point stress criterion (pSC), the characteristic distance, do, represents a physical 
length from the tip of a notch over which the local stress must exceed the unnotched strength; for the 
average stress criterion (ASC), the characteristic distance, ao, represents a physical length from the tip 
of the notch over which the averaged value of the stress equals the unnotched strength. While these 
models have the merits of being simple to apply and giving good agreement with experimental data, 
their limitations are that they do not consider the physical damage mechanisms that occur prior to 
fracture, which in practice will modify, significantly, the assumed elastic stress distribution in the 
vicinity of the notch. Refmements of the Whitney-Nuismer approach have been presented by, 
amongst others, Karlak (1977) and Pipes et al. (1979). These models result in an improved agreement 
with experimental data, essentially by introducing additional fitting parameters into the basic Whitney-
Nuismer approach. An alternative notched strength model due to Mar and Lin (1977) is based on 
fracture mechanics, and incorporates an empirically-deterrnined "composite fracture parameter". 
Much early work on notched strength prediction is reviewed in Awerbuch and Madhukar (1985). In 
the late 1980's and the 1990's, workers have continued to apply the established Whitney-Nuismer and 
Mar-Lin models (e.g. Tan (1987a and 1987b) and Lagace et al. (1993», but additionally emphasis has 
been placed on developing more sophisticated fracture mechanics techniques which predict 
progressive material softening at the edge of the hole prior to catastrophic fracture. Examples of such 
models include those due to Aronsson and Backlund (1986a and 1986b), Eriksson and Aronsson 
(1990), Soutis et al. (1991), Maghi-Khatibi and Ye (1996) and Afaghi-Khatibi et al. (1996). With the 
exception of the paper by Soutis et al. (1991), which is concerned with notched compression fracture, 
these studies do not consider in any detail whether the assumed damage growth and fracture path is a 
realistic representation of the physical fracture. In many cases it is not: the damage and fracture 
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processes are not generally self-similar in the manner assumed implicitly in these models. The good 
agreement with experimental data of fracture mechanics models applied to laminates loaded in tension 
may therefore be somewhat fortuitous and in part a consequence of the critical fracture mechanics 
parameter sometimes being fitted to notched strength data rather than measured by independent 
experiment. With regard to mechanism-based modelling, there are some important studies from 
Beaumont and co-workers (e.g. Kortschot and Beaumont (1991» which describe the complex 
evolution of damage (matrix cracking and delamination) from notches in laminates loaded in tension; 
the associated stress redistribution is used in conjunction with a Weibull model to predict 0° ply 
fracture, and hence laminate failure. 
There are rather fewer studies concerning failure of notched woven fabric composites in the literature. 
Naik and Shembekar (1992c and 1992d), Xiao and Bathias (1993 and 1994a) and Kim et al. (1995) 
demonstrated the applicability of Whitney-Nuismer models (and variants) to data from notched woven 
fabric laminates. Within their modelling studies, Afaghi-Khatibi and Ye (1996) demonstrated the 
applicability of their fracture mechanics model to data for woven fabric composites. Damage 
development and fracture in notched woven fabric composites is affected by the same range of 
variables as non-woven composites, in particular notch size and shape, laminate lay-up and thickness, 
but additionally the weave architecture. In recent work, Manger (1999) and Manger et al. (2000) the 
damage development and fracture in plain weave and eight harness satin weave cross-ply glass fabric 
laminates was examined. During this work, it was shown that the damage zone, which propagates 
from the notch, does so in a stable self-similar fashion over a limited range of increasing applied 
stress. The damage comprises matrix cracking, splitting and delamination and, most significantly, 0° 
tow fracture at crimp regions near the notch. The stable growth of the damage zone and its subsequent 
catastrophic propagation were modelled using a "critical damage growth model" following Hitchen et 
al. (1994), which combines an average stress criterion for damage growth with a fracture mechanics 
based criterion for catastrophic fracture. The material property data required for the modelling are the 
unnotched strength and the fracture toughness. 
It is apparent from the above that many different approaches have been used to predict the notched 
strength of composite materials. In the section that follows a diverse range of notched failure analyses 
are examined in varying amounts of detail. An initial examination of approaches based on linear elastic 
fracture mechanics (LEFM) is carried out. Then the popular semi-empirical fracture models are examined 
and finally some models that attempt to incorporate notch edge damage accumulation prior to failure 
are discussed. 
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2.4.2. Notched Strength Modelling 
2.4.2.1. LEFM Based Models 
The use of Linear Elastic Fracture Mechanics (LEFM) in composites is limited. According to Wu 
(1968), fracture mechanics may only be applied to composites under specific conditions. The 
orientation of the flaw with respect to the principal axis of symmetry must be fixed. The stress 
intensity factors defined for anisotropic cases must be consistent with the isotropic case in stress 
distribution and in crack displacement modes. The critical orientation coincides with one of the 
principal directions of elastic symmetry. Most importantly, there is a requirement for self-similar 
crack growth, which is frequently not met. 
The validity of a fracture mechanics approach has been confirmed in some non-woven composite 
materials where the required conditions are met (Wu, 1968). As the details of the actual crack tip 
damage zone are very complex and vary among the different laminate configurations and materials 
system, the direct application of LEFM to the notched strength prediction of composite laminates 
becomes limited. Nonetheless, LEFM has been incorporated into many models for predicting notched 
strength. 
A notched failure model for laminates containing centre cracks was presented by Poe and Sova (1980) 
and Poe (1983). It was postulated that laminate failure occurred when the strain in the principal load 
carrying laminae reaches a critical value. Using a LEFM expression to determine the strains ahead of 
the crack tip and the maximum strain failure criterion, a constant toughness parameter, Qe, was 
defined: 
In equation 2.2, Ke is the critical stress intensity factor, Ey is the Young's modulus in the loading 
direction and the term (t5Ji is a non-dimensional function of the angle of the principal load carrying 
laminae with respect to the loading direction and the elastic properties of the laminate. 
When the toughness parameter was divided by the failure strain of the fibres an approximately 
constant ratio, with a value of 1.5 root millimetre, was found. This was based on a statistical analysis 
of all available fracture toughness data and was termed the general toughness parameter. The strength 
of cracked laminates can be predicted from the following expression: 
(2.3) 
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In equation 2.3, CTN is the notched laminate strength, CTo is the unnotched laminate strength and a is the 
half-length of the centre crack. It was found that the general toughness parameter deviated from the 
supposedly constant value of 1.5 .J mm for laminates exhibiting extensive notch edge damage zones. 
For such laminates it was suggested the toughness parameter needed to be re-evaluated. The model 
then becomes a semi-empirical fracture model with the toughness parameter, Qe, becoming an 
equivalent fitted parameter. When the toughness parameter was determined for each laminate 
investigated, excellent agreement with experiment data was reported. 
Vaidya and Sun (1997), using a similar approach, proposed a fracture criterion for cracked composite 
laminates based on the observation that final fracture is dominated by fibre failure in the 0° plies. This 
analysis considers laminates containing centre cracks and applies the principles of LEFM. They 
proposed that the fracture toughness of the 0° plies, K~ , for a given material system was constant for 
all laminate geometries. As this fracture toughness cannot be measured directly from unidirectional 
laminates, due to the influence of axial splitting. it was estimated for different laminate types with the 
aid of classical laminate plate theory (see below). The K~ values for all laminate types investigated 
were found to be within 10 % of one another. The failure criterion states that failure occurs when the 
load in the 0° plies reaches the critical value governed by K~ • where: 
K~ = '1Ke (2.4) 
In equation 2.4, 11 is a factor relating the stress in the laminate to the stress in the 0° plies. This 
multiplication factor was found using classical laminate plate theory and is dependent on laminate 
configuration and material properties. As the multiplication factor, '1, does not account for stress 
redistribution due to localised damage, this approach is not likely to be correct for laminates exhibiting 
large damage zones. Using the value of K~, fracture can then be predicted for laminates within the 
same material system using the expression: 
KO/ 
CTN = y~ (2.5) 
In equation 2.5, CTN is the laminate fracture strength, Y is a finite width correction factor and a is the 
centre crack half-length. For the laminates investigated, the model predictions show very good 
agreement with experimental data. 
Both these models are limited by the fact that they are only applicable to centre-cracked laminates 
with relatively small damage zones, which severely limits their usefulness as notched failure models. 
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2.4.2.2. Semi-Empirical Based Models 
Waddoups, Eisenmann and Kaminski (1971) proposed a macroscopic LEFM approach for the 
prediction of notched strength of composite laminates. Two semi-empirical models were developed, 
one for laminates containing circular holes, the other for laminates containing straight cracks. 
The circular hole model was based on the relationship between the critical strain energy release rate, 
Ge, and the critical stress intensity factor, Ke, developed for isotropic materials. 
G = (l-v2 ) K 2 
e E e (2.6) 
In equation 2.6, vis the Poisson's ratio and E is Young's Modulus. The circular hole model assumes 
that an intense energy region oflength at exists at the hole edge perpendicular to the applied stress, O't. 
as shown in figure 2.3. The actual details ofthe damage in this region however, are unknown. 
a1 - Olaracteristic 
Ilmmicnof~ 
Intense F.relgy 
Regim 
Fig. 2.3. System geometry of the basic model ojWaddoups, Eisenmann and Kaminski (1971). 
Paris and Sih (1965) showed that when this characteristic distance, at. is small the stress intensity 
factor at the tip of the intense energy region, which is treated as a crack is given by: 
Kc = O'\.J1Zll\f( ~) (2.7) 
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In equation 2.7, R is the hole radius and (TI is the remote applied stress. Values for the functionj(aIIR) 
can be found in Paris and Sih (1965). Combining equations (2.6) and (2.7) gives: 
JG: =1W'f(~~a,(l;v2) (2.8) 
Then as Gc is a materials constant and assuming that R»al the following relation is obtained: 
(2.9) 
In equation 2.9, (To is the unnotched strength and UN is the unnotched strength. Hence for a single 
given notched strength and a known unnotched laminate strength, the characteristic dimension, ai, can 
be found. Then the notched strength for other hole sizes can then be predicted. 
It has been shown that, aI. varies with hole radius (Awerbuch and Madhukar, 1985) but a constant 
average value resulted in generally good agreement between predicted and experimental values. The 
data showed that the constant average value of a} was strongly dependent on laminate configuration 
and material system. Fibre volume fraction, fabrication procedure and test environment were also 
found to have an effect on the constant average value of al. 
In the case of straight cracks, with a length of 2e, the assumption of an intense energy region of length 
a2 is also adopted. At failure, the Griffith stress intensity factor becomes: 
Kc =uN .Jtr(c+a2 ) (2.10) 
Thus for an unnotched specimen with no crack it becomes: 
Kc = UO~1lll2 (2.11) 
The size of an inherent flaw is thus considered to be a2. This model is often referred to as the inherent 
flaw model. Combining equations (2.10) and (2.11) produces the following relation: 
(2.12) 
Once again a2 can be determined by combining the notched strength with the unnotched laminate 
strength. The notched strength for other crack lengths can then be predicted. Test results show that a2 
may be considered independent of crack length, but in the case of circular notches a2 is strongly 
dependent on laminate configuration and material system. 
The Waddoups, Eisenmann and Kaminski models are semi-empirical and if implemented correctly 
agree well with experimental data. However, the characteristic distance a2 is not constant for all hole 
sizes and there is no satisfactory physical interpretation of this parameter. 
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Mar and Lin (1977) proposed a fracture model based on LEFM to predict the notched strength of 
composites. The Mar-Lin model does not make use of a characteristic distance as seen in many other 
models. The basis of this model is taken from a classical LEFM approach for isotropic metals and it is 
proposed that fracture is governed by: 
(2.13) 
In equation 2.13; the parameter He is equivalent to fracture toughness, Ke, in the isotropic case; c is the 
notch half-length and the exponent n is "the order of the singularity of a crack tip at the interface of 
two materials". In the isotropic case the value ofn is -Yl. If the strength ratios and 2cIW were plotted 
on a log-log scale and fitted using linear regression, then He would be the intercept and n the slope of 
the line. 
The discontinuity type (e.g. a circular hole or straight crack) has been shown to have little effect on He 
or n. As the exponent n, was observed to vary with laminate configuration, this two parameter model 
is thus semi-empirical. The two constants, He and n, must be determined by testing two specimens 
containing notches of different sizes. Considering the curve fitting procedure used in the 
determination of the parameters He and n it is not unexpected that good agreement between prediction 
and experiment was reported. Awerbuch and Madhukar, (1985) expressed concern over the 
quantitative accuracy ofthe Mar-Lin model due to the logarithmic nature of the curve fitting. 
Whitney and Nuismer (1974) proposed two stress criteria for predicting the notched strength of 
composite laminates. Neither of these two criteria applies the principles ofLEFM explicitly. They are 
based on the idea that laminate failure occurs when the stress over some characteristic distance from 
the notch reaches the unnotched laminate strength. These two parameter semi-empirical models that 
require the unnotched strength and a characteristic distance to predict the notched strength, are based 
upon the stress distribution adjacent to the discontinuity. The models can be applied to any 
discontinuity geometry; however, circular holes and centre cracks were considered initially. 
Considering a circular hole of radius R in an infinite isotropic plate with a uniform tensile stress, OJ, 
applied along the y direction remote from the notch then the normal stress adjacent to the notch along 
the x axis, 0)., is given by Timoskenko and Goodier (1951): 
(2.14) 
where x is measured from the notch centre. 
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lfthe normalised stress in equation 2.14 is plotted as a function of xlR, it is apparent that the results are 
independent of hole size. However, when the stress ratio is plotted against (x-R) (i.e. the distance 
ahead of the notch edge), different hole sizes will show different stress distributions, as presented in 
figure 2.4. The stress concentration factor, KT, at the hole edge is 3 for all circular hole sizes; however 
the stress field is more localised for smaller holes. It was suggested that a plate with a larger hole 
would have a lower strength as the stress concentration is distributed over a larger area and it is more 
likely for an inherent "flaw" to be present within this stress concentration. It was also postulated that a 
smaller notch would allow the stress to be redistributed more effectively, resulting in a higher average 
notched strength. 
(x-R) 
Fig. 2.4. Stress distribution/or two circular holes in an infinite plate (Whitney and Nuismer, 1974). 
The Point Stress Criterion (pSC) is the first of the Whitney-Nuismer (WN) fracture models. It 
assumes that failure occurs when the stress at some distance, do, away from the notch edge reaches the 
unnotched strength ofthe laminate, as indicated in figure 2.5. 
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y 
R 
x 
Fig. 2.5. Schematic representation of the Whitney and Nuismer (1974) Point Stress Criterionfor a 
laminate containing a circular hole. 
This characteristic distance, do, was said to represent the distance over which the material must be 
critically stressed to encounter a flaw sufficiently large to initiate failure. Application of equation 2.14 
leads to the PSC expression for an isotropic plate: 
u; 2 
U o =(2+~12+3~14) (2.15) 
In equation 2.15, u; is the notched strength in an infinite laminate, Uo is the unnotched laminate 
strength, and /;1 is given by: 
R ~1=-­
R+do 
(2.16) 
For an infinite orthotropic plate containing a circular hole of radius R subjected to a remote uniform 
stress, Oi, applied parallel to the y axis the normal stress, oy, along the x axis can be expressed 
approximately as (Nuismer and Whitney, 1975): 
(2.17) 
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In equation 2.17, K; , is the stress concentration factor for an infinite orthotropic plate given by: 
Hence for an orthotropic plate the PSC gives: 
(1'; 2 
(1'0 = (2+;1 2 +3;14 -(K; -3X5;16 _7;1 8» (2.19) 
The second WN fracture model is the Average Stress Criterion (ASC). It assumes that failure occurs 
when the average stress over some distance, ao, reaches the unnotched laminate strength. A schematic 
representation of this is shown in figure 2.6. 
y 
R 
·1 
x 
Fig. 2.5. Schematic representation of the Whitney and Nuismer (1974) Average Stress Criterionfor a 
laminate containing a circular hole. 
The physical argument for this criterion lies is the idea that the material is able to redistribute local 
stress concentrations. The criterion is written: 
(2.20) 
Substituting equation 2.14 into equation 2.20 gives the ASC for an isotropic plate: 
27 
CHAPTER 2. LITERATURE REVIEW 
(2.21) 
In equation 2.21, ~2' is given by: 
(2.22) 
In the case of an orthotropic plate the ASC is obtained by combining equation 2.17 with equation 2.20 
to give (Nuismer and Whitney, 1975): 
0'; _ 2(1-~2) 
0'0 - (2-~22 _~24 +(K; -3X~26 _~28» (2.23) 
For large notch radii, 0"; lao reduces to the reciprocal of the elastic stress concentration factor, and for 
small notch radii, 0'; 10'0 approaches unity, in both the PSC and ASC. The characteristic distances do 
and ao were initially assumed to be material properties, independent of laminate construction and 
stress distribution. 
As the actual values of the characteristic distance were fitted, the models produced good results for all 
hole sizes. The characteristic distances can also be determined using classical error minimisation 
techniques. This also results in good agreement between prediction and experiment. The two WN 
criteria were also applied to straight centre cracked specimens (Nuismer and Whitney, 1975). Both 
criteria resulted in good correlation between predicted and experimental data. The WN failure criteria 
have also been applied to woven fabric reinforced composites (Naik and Shembekar, 1992c). Good 
correlation with experimental data for a range of laminates was reported, especially for the ASC. 
Awerbuch and Madhukar (1985) reported that do and ao were not constant for different notch shapes 
and laminate configurations. It was suggested that the characteristic distances should be re-determined 
for each material system and laminate configuration. It has also been well documented that the 
characteristic distances in the WN failure criteria do not remain constant for different hole sizes 
(Awerbuch and Madhukar, 1985). This change in characteristic distance with hole size is, however, 
normally small and the simplicity and versatility of the PSC and ASC, together with their excellent 
agreement with experimental data, make them very attractive strength failure criteria to the designer. 
A modification to the WN PSC, which addresses the hole size dependence of the characteristic 
distance was proposed by Karlak (1977). This two parameter model was based on the assumption that 
the characteristic distance, do, is related to the square root of the notch radius. In the Waddoups, 
Eisenmann and Kaminski model and in the WN failure criteria it was assumed that the characteristic 
distances were material constants and independent of discontinuity size. The realisation that the WN 
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characteristic distances were not constant for all hole sizes led Karlak to examine the relationship 
between the characteristic distance and hole radius. Karlak obtained the best fit to the experimental 
data using an expression of the form: 
(2.24) 
In equation 2.24, ko has units of square root inch, using the preferred American unit of length. The 
data fitted with error analysis using equation 2.24 showed that ko was dependent on stacking sequence. 
It was suggested that laminate fabrication and constituents could also affect ko. Consequently ko has to 
be determined for each material system investigated. 
Rewriting equation 2.15, the Karlak fracture model for an isotropic material can be expressed as: 
:: =++(l+koR-if +3(1+ koR-irr (2.25) 
Karlak originally formulated the model for the case of a circular hole and an isotropic material, for 
which Kr was equal to 3. Awerbuch and Madhukar (1985) made the necessary modifications for an 
orthotropic laminate. The Karlak fracture model resulted in good agreement with experimental data 
for laminates where the characteristic distance, do, was dependent on hole size. However, for those 
laminates where the characteristic distance, do, was independent of hole size the Karlak fracture model 
produced less favourable agreements with experimental data, as might be expected given that there is 
little physical basis for the Karlak fracture model. Another disadvantage of this approach is that it 
requires additional testing to determine the relationship between do and notch size. 
Pipes, Wetherhold and Gillespie (1979) pursued the idea that the characteristic distances, in the WN 
fracture models, were dependent on hole size. Two separate models based on the WN PSC were 
produced; one for circular holes and one for straight centre cracks. Like Karlak (1977) they assumed 
the characteristic distance, do, was a function of hole radius and they proposed a tow parameter model 
relating characteristic distance, do, to notch or hole size, of the form: 
(2.26) 
In equation 2.26, Co is a notch sensitivity factor, the term m is an exponential parameter and Ro is a 
reference radius so (RlRo) becomes dimensionless (for simplicity the value of Ro was chosen as one 
inch). The notched laminate strength can be predicted if the unnotched laminate strength, 0"0, the 
exponential parameter m and the notch sensitivity factor Co are first determined experimentally. Thus 
these parameters take the place of do in the WN PSC analysis. The higher the notch sensitivity factor, 
Co, the more notch sensitive the material. The exponential parameter, m, ranges from zero, where the 
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WN PSC becomes unmodified, to one, where the notched strength is independent of hole radius. As 
all three parameters are linked the selection of the Ro value affects the notch sensitivity curves. Hence 
different values of Ro result in variations in Co. These parameters are dependent on laminate 
configuration and material system. 
The Pipes, Wetherhold and Gillespie fracture model is able to superimpose all notched strength data 
for materials with a similar stress concentration factor onto a single master curve of notched strength 
against hole radius. This is achieved by defining radius shift parameters to account for variations in 
the notch sensitivity parameter, Co, and exponential exponent m. This allows relative comparisons to 
be made between laminates of different material system, stacking sequence and orthotropy. The 
Pipes, Wetherhold and Gillespie approach is reported to produce better predictions than the WN 
models, but it is a more detailed model and requires the three parameters involved to be carefully 
determined before predictions can be made. 
Kim et al. (1995) proposed a similar modification as Pipes, Wetherhold and Gillespie to the WN PSC 
to accommodate the dependence of the characteristic distance do on specimen width and hole size. 
From their experiments on plain weave glass/epoxy, satin weave glassl polyester and plain weave 
carbon/epoxy composites they found that for a given hole size the PSC characteristic distance, do, 
increases with an increase in hole diameter and an increase in the specimen width. Thus the 
assumption that do is a materials constant could not be valid. They found that the characteristic 
distance, do, could be represented as a function of the geometry of the specimen (width and notch 
diameter) in accordance with: 
(2.27) 
In equation 2.27, k is the notch sensitivity factor, m is an exponential parameter, R is the hole or notch 
radius and W is the specimen width. Equation 2.27 is similar to equation 2.26 used by Pipes, 
Wetherhold and Gillespie (1979) for the same specimen width. Since the characteristic distance, do, is 
not a physical parameter but an empirically determined constant, dependent on the geometry of the 
specimen, it is reasonable to predict the notched strength using do as a function of the geometry of the 
specimen. Substituting equation 2.27 into equation 2.19 the modified PSC expression for the strength 
of an orthotropic plate with a circular hole is obtained: 
qrl> 2 
~ = {2+?n2 +3~1114 -{K; -3X5~1116 _7~1II8» (2.28) 
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In equation 2.28 ~m is given by: 
1 ~m = -'-(1 +-(-2R-)m~J 
RkWm 
(2.29) 
The proposed model is a three parameter model (unnotched strength, notch sensitivity factor and an 
exponential parameter). These three parameters can be experimentally determined by testing one 
unnotched sample and two notched specimens with a circular hole. 
Although the majority of studies on the residual strength of composite materials containing 
discontinuities have been concerned with circular notches and centre cracks, other discontinuity 
shapes are of interest to the designer. Tan (1987a) extended the Whitney Nuismer fracture criteria to 
consider orthotropic composite laminates containing elliptical discontinuities. The approximate 
solution of the stress distribution ahead of the notch was obtained by the addition of a polynomial 
function to the isotropic solution. Two different approaches were considered to evaluate this 
polynomial function and the second approach, in which the ellipse aspect ratio was considered, was 
shown to be significantly more accurate than the first approach, when compared to the exact elastic 
solution. This new expression for the stress distribution ahead of an elliptical discontinuity was then 
incorporated into the Whitney and Nuismer (1974) failure criteria. In both cases when the ellipse 
opening ratio A is equal to one, the fracture criteria reduces to the familiar WN expressions for circular 
discontinuities, and when A equals zero the criteria reduces to the familiar WN expression for centre 
cracks. An experimental programme using discontinuities of different ellipse opening ratios was 
carried out on carbon/epoxy laminates in [O/90/±4S]s and [O/90iO]s configurations and the modified 
WN models resulted in good predictions. As previously reported for the WN criteria, the ASe 
performed better than the pse. It was also shown that there is an effect of the opening aspect ratio A, 
on the residual strength and at larger openings this effect is more pronounced. A suggested potential 
application for this model is in the analysis of laminate damage that appears to be elliptical in shape, 
rather than circular. 
In a subsequent paper Tan (1987b) carried out further work to investigate the modified WN failure 
criteria. Tan found that the characteristic distances were dependent on the opening aspect ratio. In 
order to develop a closed form expression to predict the notched strength of laminates containing 
circular, elliptical and centre cracked notches, the previously proposed extended WN models were 
modified. It was assumed that centre cracks could be treated in a similar manner to circular notches, 
as they must have a finite radius of curvature at the notch tip. The characteristic distances were 
considered as a power of the opening length and aspect ratio. This method however, required at least 
three notched strengths to determine the characteristic distances (at least two with circular notches and 
one centre cracked specimen). 
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The predictions obtained from this modified approach were reported to be very good. This model 
offers a closed form expression that is able to predict the residual strength of composite laminates 
containing notches varying from circles to centre cracks without the need to re-evaluate characteristic 
distances. This was however, achieved at the expense of some of the simplicity of the WN models. 
Tan (1987c and 1987d) proposed two semi-empirical notched failure criteria based on the first ply 
failure stress of notched and unnotched laminates. The stress distribution of a laminate containing a 
discontinuity was analysed using the same method as Tan (1987a). The quadratic first ply failure 
criterion of Tsai and Hahn (1980) was used as it was preferred over others. The first model proposed 
was the point strength model, which states that the notched to unnotched strength ratio of an infinite 
plate is given by the notched to unnotched first ply failure ratio at a characteristic distance, b), away 
from the notch edge. The second model proposed was the minimum strength model, which considers 
the stress distribution along a curve parallel to the opening at a characteristic distance, b], from the 
opening and the minimum first ply failure ratio along this curve was considered to give the notched to 
unnotched strength ratio of an infinite plate. 
These models were applied to orthotropic and quasi-isotropic non-woven carbon/epoxy and E-
glass/epoxy laminates with circular, elliptical and centre-crack discontinuities. The characteristic 
distances b / and b] were then determined. The predictions of the point strength model for circular 
notches were found to be similar to those of the WN PSC when the same characteristic distances were 
used, but the predictions were not similar for the other notch geometries. The minimum strength 
model produced good predictions for circular notches with a constant characteristic distance, although 
the characteristic distance was found to vary from laminate to laminate. Predicting notched strengths for 
other notch geometries using a single value for the characteristic distance was attempted and in some 
cases produced satisfactory results but in other cases appeared to be unreliable. Overall these models 
can predict laminate notched strength satisfactorily, but they are more complex to implement than the 
WN failure criteria and still require experimentally determined input parameters. 
Xiao and Bathias (1993, 1994a and 1994b) produced a series of papers investigating the notched 
strength of non-woven and woven fabric laminates, which explored the Tan models further. They 
found that the point strength model and minimum strength model, could be modified by recalculating 
local and global stress distributions and determining characteristic distances for each individual ply. A 
numerical stress field was used around the discontinuity to consider the influence of finite-width on 
the stress distribution. 
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These modified models were compared to the WN PSC and ASC; the minimum strength model 
producing the most accurate predictions for non-woven laminates. The minimum strength model was 
reported to have better precision than the point strength model. Xiao and Bathias did not attempt to 
model the damage mechanisms in the woven material nor could they solve the problem of predicting 
the laminate notched strength without the use of an empirical (fitted) parameter. There is some 
uncertainty as to which model produces the better results for woven laminate notched strength. 
According to Xiao and Bathias (1994a) it was the WN ASC, whilst according to Xiao and Bathias 
(1994b) it was the improved minimum strength model. 
The modified point strength model and minimum strength model are capable, in principle, of 
providing information concerning the damage in notched laminates. It is possible to determine the 
point at which the first damage occurs. Thus the particular ply, and position within that ply, where the 
first damage occurs can be determined. The principal damage mechanism in non-woven laminates 
was predicted and verified experimentally. Although the damage in woven laminates was also 
predicted it could not be experimentally verified and this was attributed to a general lack of 
understanding of damage mechanisms involved in woven composite laminates. 
Each of the semi-empirical models reviewed above can show very good agreement with experimental 
data; this is not unexpected since they are all "semi-empirical" in nature. Many of the models 
examined use a characteristic distance ahead of the discontinuity edge, but it is still unclear whether 
this dimension is a material constant or has any real physical significance. It has been shown that the 
characteristic distances can vary with hole size, laminate configuration, material system and other 
parameters such as fabrication technique. Thus these characteristic dimensions have to be determined 
for different laminate configurations and material systems, before reliable predictions can be made. It 
is still not clear whether the characteristic distances can be considered to be independent of 
discontinuity size, as there appears to be some disagreement between authors. However, many 
experimental results indicate that sufficient accuracy is obtained by assuming that the characteristic 
distances are independent of discontinuity size. Most of the models have been developed in the 
context of non-woven composites but since details such as the effects due to fibre architecture are 
ignored by many of the models, these models may also be applied to woven composites. 
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2.4.2.3. Models Incorporating Damage Evolution 
In this section, models for notched strength which incorporate the evolution of damage near a hole, are 
discussed. 
Backlund and Aronsson (1986) and Aronsson and Backlund (1986a) proposed a damage zone analysis 
for the prediction of the tensile strength of composite laminates containing through thickness circular, 
non-circular and straight crack-like discontinuities. The analysis was based on a method developed by 
Hillerborg et al. (1976) for the fracture analysis of concrete beams. Unlike semi-empirical models, the 
analysis is based upon more traditional concepts. Basic properties of the laminate such as the 
unnotched strength, laminate stiffness and the apparent fracture energy are required for this method. 
This model, known as the damage zone model, represents the damage zone in the stress intense region 
ahead of the notch as a crack extending at right angles to the applied load. The delamination, matrix 
and fibre failure, matrix yielding and fibre-matrix debonding found in the damage zone are 
represented by an effective crack. The damage was treated using a Dugdale-Barenblatt type of 
analysis (Barenblatt, 1962). When the undamaged laminate is loaded, a crack is assumed to form 
when the stress at the discontinuity edge reaches the unnotched laminate strength. At this point the 
crack opening is zero. On further loading the crack extends into the laminate and the crack opening 
increases. As the crack opening increases the cohesive stress follows a linear relationship. The 
stresses along the pre-determined crack path are also assumed to follow the same linear relationship, 
which accounts for the stress redistribution and reduction in stiffness due to damage growth. Using a 
two-dimensional finite element analysis, crack nucleation, stable growth and unstable growth was 
predicted. The critical damage zone size occurs when the crack becomes unstable and corresponds to 
the maximum applied load. The damage zone model assumes linear elastic behaviour and uses the 
cohesive stress along the crack surfaces to represent the two-dimensional nature of the damage zone. 
The results of the damage zone model were compared to experimental data and also to some of the 
semi-empirical failure criteria. For circular and non-circular (rectangular) discontinuities in 
carbon/epoxy quasi-isotropic laminates, the damage zone model and the inherent flaw model proposed 
by Waddoups, Eisenmann and Kaminski (1971) both showed very good agreement with experimental 
data, with the damage zone model producing generally more accurate results than the inherent flaw 
model. The damage zone model also gave accurate strength predictions for centre cracked quasi-
isotropic carbon/epoxy laminates and short fibre glass/polyester laminates. As commented earlier, the 
accuracy of the inherent flaw model and the WN PSC varied with sample geometry and discontinuity 
size, e.g. Awerbuch and Madhukar (1985). As the damage zone model involves material parameters 
that are independent of crack length and specimen geometry the accuracy of the model does not vary 
with sample geometry and discontinuity size. The critical size of the damage zone predicted by the 
damage zone model was in all cases similar in magnitude to experimental observations, where 
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measurements were made. This critical damage zone was not considered to be a material constant as 
assumed in the inherent flaw model and PSC and was seen to vary with specimen geometry although 
the apparent fracture energy remained constant. Regardless of specimen or discontinuity geometry it 
was seen that cohesive stresses act on the crack faces until failure occurs, which suggests that 
complete separation of the crack faces does not occur; this appeared to be conftrmed by the 
experimental observations of the damage zone. 
In a later study Aronsson and Backlund (1986b) investigated the sensitivity of the damage zone model. 
The sensitivity of the predicted notched strength with variation of the unnotched strength and apparent 
fracture energy was shown to vary with discontinuity shape. The effect of varying the shape of the 
cohesive stress-crack opening relation was also investigated. The damage zone model was found, in 
the case of circular notches, to be more sensitive to variations in unnotched laminate strength than 
apparent fracture energy. The opposite effect was seen in laminates containing rectangular and edge 
crack notch conftgurations. It was observed that the notched strength of laminates containing smooth 
notches were more sensitive than laminates containing sharp notches to variations in the relationship 
between cohesive stress to crack opening. 
Although the damage zone model reported excellent accuracy in its notched strength predictions it has 
the disadvantage of not providing closed form predictive solution. Eriksson and Aronsson (1990) 
proposed the damage zone criterion, claiming the accuracy of the damage zone model but with the 
simplicity of the Whitney-Nuismer PSC. The damage zone criterion uses the same basic principles as 
the damage zone model with the damage zone being represented as a fictitious crack with cohesive 
stresses acting on the crack faces. The damage zone criterion was compared to experimental results, 
the damage zone model and the PSC. The experimental programme investigated three carbon/epoxy 
laminates conftgurations and three different size centre cracks and circular notches were investigated. 
The critical length of the damage zone was calculated for the smallest notch size for each of the 
laminate types, which was then used to predict the notched strength of each laminate configuration at 
each notch size and geometry. The PSC characteristic distance and the apparent fracture energy 
required for the damage zone model were also determined from the same notched strength as used to 
determine critical length of the damage zone. It was reported that the damage zone criterion offers 
significant improvement in accuracy compared to the PSC and is at least as accurate as the damage 
zone model. 
Excellent accuracy was reported using this relatively simple approach, but the predictions were based 
upon the unnotched strength of one specimen geometry and one material system. No attempt was 
made in this initial investigation to study the effect of notch size, laminate conftguration or material 
system on the length of the critical damage zone and overall performance of the model. As with other 
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semi-empirical fracture models, such as the PSC, the fundamental parameters of the damage zone 
criterion must be determined for each individual laminate configuration investigated. 
Afaghi-Khatibi et al. (1996) considered a different approach where the applied load was predicted for 
a given measure of damage. This method, known as the effective crack growth model, uses an 
iterative technique and is based on the principles and closed form expressions used in the damage zone 
criterion of Eriksson and Aronsson (1990). As in the damage zone criterion, the effective crack 
growth model approximates the damage zone adjacent to the notch using an effective crack with 
cohesive stresses acting on the crack faces. The effective crack growth model assumes a linear, 
decreasing relationship between the cohesive stress and the crack opening, resulting in a stress 
relaxation within the damage zone. The apparent fracture energy was determined using a similar 
method to that of Backlund and Aronsson (1986). This involves fitting the fracture energy to a 
notched strength using a numerical analysis. Thus the effective crack growth model becomes another 
semi-empirical fracture model. 
In Afaghi-Khatibi et al. (1996) carbon/epoxy [0/90]s and quasi-isotropic laminates containing circular 
notches were investigated and in Afaghi-Khatibi and Ye (1996) plain weave glass/epoxy, satin weave 
glass/polyester and plain weave carbon/epoxy woven laminates containing circular notches were 
experimentally investigated. Very good correlation between the model and experimental results was 
reported. The results were compared to those obtained by the damage zone criterion and the PSC. 
Although varying from laminate to laminate, the effective crack growth model generally appeared to 
perform better than the other models used. The characteristic distances, for the damage zone criterion 
and PSC, could have been determined in a better way which could have resulted in better results for 
those models. The characteristic distances for the non-woven laminates investigated were calculated 
on only one notch size and one specimen width. Thus for some PSC predictions, the characteristic 
distance used does not relate to the sample width to which it was applied. The characteristic distances 
for the woven laminates were obtained by averaging over the range of notch diameters (Afagh-Khatibi 
and Ye, 1997). It has been well documented that for the Whitney-Nuismer models the characteristic 
distance should be fitted using error analysis over a range of geometries (Awerbuch and Madhukar, 
1985). It appears that the effective crack growth model requires further experimental verification in 
order to assess its performance compared to the other available models. 
The effective crack growth model which was developed to predict the residual strength of notched 
composite laminates, requires that the basic elastic properties of the laminate, unnotched laminate 
strength and the apparent fracture energy are known. Once these properties are determined, the model 
does not require the experimental determination of notched strengths as in the Whitney and Nuismer 
criteria. The above-mentioned properties, however, are required for each laminate investigated and 
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the model itself is more complex to implement than the WN models. The fitting method used to 
determine the apparent fracture energy is also an area of concern, as no attempt was made to compare 
these data with measured critical energy release rate values. 
2.4.2.4. Models Incorporating Notch Edge Damage and Related Observations 
The semi-empirical models discussed in the previous section tend not to consider the notch edge 
damage accumulation prior to failure. Those that do consider some form of notch edge damage, treat 
it in a rather imprecise way, for example as an inherent flaw in the model proposed by Waddoups, 
Eisenmann and Kaminski (1971). The models of Xiao and Bathias (1993, 1994a, 1994b) (the point 
strength model and minimum strength model) consider the damage in more detail, but their approach 
involves complex numerical analysis which the authors felt was "tentative". In this section some of 
the more recent models that incorporate the damage zone into the notched strength analysis will be 
examined. Although these approaches are generally more complex than the semi-empirical models, 
they do allow the extent of the damage zone to be estimated as part of the model output. 
Hitchen et al. (1994) built on earlier work by Soutis and Fleck (1990) and proposed a Critical Damage 
Growth (CDG) model based on a fracture mechanics concept to predict the notched strength of short 
carbon fibre/epoxy laminates. The analysis describes the stable growth and subsequent catastrophic 
failure of a damage zone at the edge of the circular hole. Figure 2.6. illustrates the principles on which 
the CDG model is based. 
STRESS 
Predicted 
Notch Strength 
I 
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Damage Zone Length 
Eqn. (2.30) 
Crack Propagation 
Eqn. (2.32) 
DAMAGE ZONE SIZE 
Fig. 2.6. Diagram illustrating the principle o/notch strength prediction in the CDG model. 
The applied laminate stress, U, required to grow a damage zone or crack to a length, c, from the edge 
of the hole (of radius R) is defined using an average stress argument and is given by: 
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(2.30) 
In equation 2.30, OJ. is the stress adjacent to the notch edge and Y\ is a finite width correction factor 
given by: 
(2.31) 
In equation 2.31, W is the width of the specimen. 
An isotropic fracture mechanics approach is then used to predict the point at which the damage zone 
becomes unstable and catastrophic fracture occurs. The stress required for catastrophic failure is given 
by the relation: 
(2.32) 
In equation 2.32, Kc is the critical stress intensity factor, u} is the remote applied stress, c is the length 
of the crack and Fo is a correction factor for cracks growing from a circular hole in an isotropic plate 
given by Tada et al. (1985) as: 
(2.33) 
The parameter Y2 is a finite width correction factor for a crack emanating from a hole in an isotropic 
plate (see e.g. Soutis et al., 1991) and is given by: 
(2.34) 
Fracture is assumed to occur when the stress required to advance the damage zone is equal to the stress 
required for catastrophic crack growth. Thus the model uses a competing mechanisms approach, 
which gives both a prediction of notched strength and the critical damage zone size. The data required 
for the prediction of notched strength in this model are fracture toughness, Kc, and unnotched laminate 
strength. This approach is attractive as the failure criterion is based on simple fracture mechanics and 
uses physically meaningful parameters, whilst being easy to implement. 
Hitchen et al. (1994) investigated the effect of notch root radius using circular and elliptical 
discontinuities of constant major axis length in short fibre composite specimens. The eDG models 
notched strength predictions were found to be satisfactory, but they tended to under-predict the 
experimental data. In the investigation the notch edge damage was not observed. The limited results 
presented suggest that further investigations are required to ascertain the validity of this model. 
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Manger (1999) investigated the validity of models incorporating notch-edge damage. He studied the 
damage developed in both unnotched and notched laminates in PW and 8HS weave laminates. Using 
several techniques, a detailed damage analysis was carried out on the damage development adjacent to 
a range of notch sizes and geometries for both 8HS and PW glass/epoxy laminates of varying number 
of fabric layers. The damage observed in the notched and unnotched samples was seen to be strongly 
influenced by tow characteristics and weave architecture for both 8HS and PW laminates. 
Manger (1999) found that the dense notch edge damage zones could be observed adjacent to holes, 
prior to failure and that these consisted predominantly of fibre failure, with associated delamination, 
transverse cracking and longitudinal splitting. These damage zones were seen to be influenced by the 
reinforcement type, notch shape and size, and the number of fabric layers. In 8HS weave laminates, 
the damage zones adjacent to elliptical notches were found to be generally longer and narrower than 
those observed adjacent to circular notches. Similarly, the damage zones in PW laminates containing 
circular notches were found to be longer and narrower than those seen in the equivalent 8HS weave 
laminates. Figures 2.7. and 2.8. show photographs of the critical damage zones observed by Manger 
for GFRP coupons with a elliptical notch and a circular notch, respectively. SEM and deply 
techniques used by Manger (1999) showed that the damage initiation and propagation path were 
strongly influenced by the crimp regions present in the woven reinforcements. In the 8HS weave 
laminates, Manger found that the tow fractures meandered between the crimp regions in the fabric, 
especially for laminates containing circular notches. In the PW laminates the damage zones were 
found to be more crack-like. It was proposed that the tow fractures propagate directly along the 
regular array of tow crimps in the fabric. The damage was similar in extent and morphology 
throughout each of the fabric layers in all laminates investigated by Manger. 
Fig. 2.7. In-situ photograph showing the critical notch edge damage zone for a 4 layer 8HS weave 
laminate containing a 5 mm elliptical notch (Manger, 1999). 
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Fig. 2.S. In-situ photograph showing the critical notch edge damage zone for an Slayer 8HS weave 
GFRP laminate containing a 2.5 mm circular notch (Manger, 1999). 
Manger (1999) also investigated the properties of unnotched and notched laminates. Variations in 
fibre volume fractions between laminates were shown to strongly influence laminate properties. A 
proposed notched strength normalisation method used by Manger accounted for the fibre volume 
fraction variations found. Manger found that there was little difference between the normalised 
notched strength ratios for 8HS weave laminates with varying numbers of fabric layers. In the PW 
laminates, the notched strength ratios for 8 layer samples were found to be lower than those of 2 layer 
samples for all notch sizes. Manger showed that for all laminate types investigated there was an 
increase in critical energy release rate, or toughness, with increasing notch length and that thinner 
laminates were tougher than thicker laminates. The 8HS weave laminates were also found to be 
tougher than the PW laminates for the 2 layer materials. 
With regard to notch strength predictions, four notched failure criteria were investigated to assess their 
performance across the range of laminate, and notch configurations examined. Manger found good 
notched strength predictions by using the Whitney-Nuismer PSC, ASe and the eDG model. The WN 
failure criteria and the eDG model were found to yield accurate notched strength predictions for the 
woven laminates investigated by Manger and the Ase was found to be more accurate than the pse. 
Figures 2.9. and.2.l0. show graphs of the notched strength to unnotched strength ratio against notch 
size to specimen width ratio for the notched strength modelling of 6 layer 8HS weave GFRP laminate 
with circular holes and 8 layer 8HS weave GFRP laminate with circular holes. eDG model predictions 
were found to be marginally less accurate than those of the ASe, but significantly better than those of 
the pse. The eDG model predictions however, were found to be excellent for elliptically notched 
samples. Interestingly, the characteristic distances, or predicted critical damage zone lengths, were 
generally found to show good agreement with the experimentally observed values. In particular, the 
values predicted for elliptically notched laminates by the eDG model and the values derived from the 
WN ASe were found to be in good agreement with experimental observations. 
40 
CHAPTER 2. LITERATURE REvI W 
10 r-----------------------------------------------------------------~ 
08 
• • 
o 06 
~ • c:: • 0 
~ 
b 04 
• 
02 
OO~--------------_r--------------------------------~--------------~ 
o 01 02 03 0.4 
dN-J Ratio 
I. Expt Data - WN PSC • WN ASC • COG I 
Fig. 2.9. Graph of notched strength 10 unnotched trength ratio against notch size to specimen width 
ratio showing the results of the otched trength Modelling for 6 layer 8HS weave GFRP laminate 
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Manger concluded that the effect of weave architecture and notch geometry was more significant than 
the variation in the number of fabric layers in the notched failure of the woven laminates. Manger also 
concluded that for notch edge damage observations, and notched strength predictions, of the COG 
model was found to be particularly suited for laminates where the notch edge damage zones were 
crack-like in nature. For such laminates, the CDG model appeared to provide a satisfactory physical 
explanation of the failure with good predictive capabilities .. 
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2.S. Fatigue of Woven Composite Materials 
In earlier sections, the behaviour of woven composites under quasi-static loading has been considered. 
As most composite components in service, especially those used in aerospace applications, experience 
cyclic loading, understanding the fatigue behaviour of woven composites with discontinuities is also 
of great importance to the designer. In this section a selection of previous work on the fatigue behaviour 
of composites is examined briefly. 
Curtis and Moore (1985) investigated the quasi-static and fatigue behaviour of five different stacking 
sequences of non-woven and woven CFRP laminates. Room temperature fatigue tests were carried 
out under load control at frequencies of 5 to 20 Hz depending on the sensitivity of the laminate to 
hysteretic heating. Ultrasonic C-scanning, optical microscopy, video recording and infrared 
thermography were used to monitor damage development. One set of fatigue tests were performed on 
coupons with a 4 rnrn diameter circular centre hole of each lay-up at stress levels that would cause 
fatigue failure after lOS cycles. The fatigue tests were stopped after 103, 104, and 50000 cycles in 
order to assess the damage within the coupons. 
The results showed that the woven CFRP material had significantly reduced static tensile strength 
when compared to the non-woven material, due to the distortion of the load carrying 0° fibres in the 
woven material. When the woven fabric was orientated at 45° to the load direction, the load was 
similar to or greater than the non-woven ± 45° material. Apart from the ± 45° material, which 
exhibited notch insensitive behaviour, the other lay-ups of non-woven and woven laminates were 
notch sensitive. In the woven material, longitudinal splitting at the hole edge was restricted by the 
crimps and de laminations were also contained. This leads to the inhibition of the stress relieving 
mechanisms at the edge of the hole which accounts for the woven material being more notch sensitive 
than the non-woven material. Replacing the ± 45° layers of a laminate, for both woven and non-
woven laminates, had little or no effect on the unnotched quasi-static tensile strength. 
Loss of strength after fatigue cycling was more prominent in woven material than non-woven material, 
due to lower fibre volume fraction and greater fibre distortion in the woven material; this resulted in a 
steeper S-N curve for the woven material than for the non-woven material. In woven material, the 90° 
tows can never completely uncouple from the 0° tows, because of their woven nature, and as result 
they continue to exert a stress concentrating influence at the crimps. Thus the poorer performance of 
the woven material, both notched and unnotched, was preserved with the tow crossover points 
becoming sites of additional fatigue damage, leading to greater reductions in fatigue strength. The 
tensile strength of ± 45° material was also reduced under fatigue loading, although the woven material 
yielded longer fatigue lifetimes than the non-woven material. Under tensile fatigue loading the non-
woven holed coupons lost their notch sensitivity after a small number of fatigue cycles as a result of 
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longitudinal splitting at the hole edge. In the woven coupons the longitudinal cracks that developed 
were not as extensive as with the other non-woven material and because of the additional fatigue 
degradation processes associated with the crimp regions in the weave, the holed woven coupons never 
quite achieved notch insensitivity in fatigue. 
Curtis and Moore (1985), also found that the damage developed vertically from notch edges towards 
the specimen grips during fatigue loading. This damage formation effectively acted as a notch 
reducer, such that the notched fatigue loaded coupons lost all notch sensitivity and the values of notch 
strength after fatigue loading were significantly better than those recorded under quasi-static tensile 
testing without fatigue cycling. The values of net section stress of the fatigue loaded notched coupons 
were similar to those of unnotched coupons not subjected to fatigue loading. The explanation for this 
is that the damage fonned around the notch during fatigue effectively reduces the stress concentration 
caused by the presence of the notch, so that a higher stress is required to cause failure, with failure still 
occurring through the notch. 
Ideally a fatigue damage model should be able to predict residual properties and useful lifetime of a 
composite system of various lay-up with a minimal amount of experimental calibration and there are 
many approaches to modelling fatigue of composites in the literature. For the purposes of this review, 
we consider one mechanistic model for predicting damage growth and residual properties of notched 
non-woven laminates subjected to fatigue. In a series of four papers Spearing and Beaumont 
(Spearing and Beaumont (1992a), Spearing et. al. (1992a), Spearing and Beaumont (1992b) and 
Spearing et. al. (1992b» developed a new approach for modelling the post fatigue strength and 
stiffness of notched fibre composite laminates. In the first part (Spearing and Beaumont, 1992a) 
observations of damage and measurements of post fatigue (residual) strength and stiffness were made 
to characterise the nature of fatigue damage surrounding the notch, to identify factors that affect the 
damage growth and to derive predictive relationships between the nature and extent of fatigue damage 
and resultant changes in the residual strength and stiffness of the laminate. The study was concerned 
with the fatigue behaviour of notched carbon fibre/epoxy laminates (cross-ply and quasi-isotropic lay-
ups) at a stress ratio of 0.1 and a frequency of 10 Hz, under load control at room temperature. Quasi-
static tensile testing was carried out to establish notched tensile strength and post-fatigue (residual) 
strength. Radiography, optical microscopy and scanning electron microscopy of exposed 
reinforcement fibres were used to monitor the damage that developed during fatigue loading. 
The experimental fmdings showed that damage at the tip of a notch in such laminates under cyclic 
tensile loading consists of longitudinal splits, delaminations, and transverse ply cracks. Some fibre 
failure was reported at intersections of longitudinal splits and transverse ply cracks. The extent of 
damage growth depended on the lay-up and geometry of the laminate and the loading conditions. In 
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general the notch tip damage was observed to grow in a self-similar manner and in a characteristic 
triangular-shaped delamination zone. The residual strength of the notched laminates was found to 
increase with increasing number of fatigue cycles. The growth of splits on either side of the notch 
reduced the stress concentration in the 0° tows which led to an increase in laminate strength. Failure 
occurred when the strength of a tow between the longitudinal split and the specimen edge was 
exceeded by the concentration of localised stress at the notch tip. Kortschot and Beaumont (1990) 
also reported this phenomenon. 
Most non-woven composites have a high ratio of fatigue strength to ultimate tensile strength, and 
some non-woven notched laminates exhibit long fatigue lives even at high fatigue stress, because the 
damage produced around the hole or notch can reduce the stress concentration due to the notch. For 
woven laminates, however, the effect of fatigue on damage evolution especially around notches 
requires further investigation since their fabric structures are more complex than those of non-woven 
composites. Xiao and Bathias (1994c), for example, studied the fatigue behaviour of unnotched and 
notched woven glass/epoxy laminates (two cross-ply and one quasi-isotropic) at a stress ratio of 0.1 
and a frequency of 20 Hz, under load control at room temperature. The influence of the hole on 
fatigue damage was studied. Their results showed that the unnotched and notched laminates had the 
same ratios of fatigue strength to ultimate tensile strength. In addition, for same ratio of maximum 
fatigue stress to ultimate tensile strength, the notched laminates exhibited a longer fatigue life than the 
unnotched laminates implying that damage around the hole had blunted the stress concentration. 
However, it is clear that more detailed investigations of fatigue damage around holes in woven fabric 
composites are required. 
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2.6. Concluding Remarks 
In this literature review it was shown that there is a well-established literature relating to the 
theoretical modelling of the elastic properties of woven fabric laminate properties, with a range of 
methods available varying in the level of structural simplification. Damage modelling is not so well 
developed. 
There are many models available to predict the notched strength of composite laminates. Although the 
majority of these models have been applied to non-woven composites some have been shown to 
perform well for woven composite materials. The semi-empirical models provide excellent notched 
strength predictions for woven composites but require preliminary testing for each laminate and notch 
geometry considered. The more recent models that incorporate damage growth into the analysis are 
more attractive to the designer as they provide a more realistic physical basis for progressive failure 
ahead of the notch, but require further investigation across a range of laminate and notch 
configurations. The finite element formulations available can provide detailed analyses of the notched 
failure of composite laminates, but are currently too complex to be useful design tools. 
This thesis aims to further the investigation of damage accumulation and failure in notched woven 
composites. The first part of the study is concerned with the fracture of notched woven quasi-isotropic 
GFRP laminates. The study is then extended to include the fracture of a wide range of notched carbon 
fibre reinforced laminates. For both reinforcement types, a detailed study of the damage developed 
adjacent to notches is presented. Three of the notched fracture models discussed in this chapter, the 
WN PSC, ASC and the COO model, are applied to the materials investigated. The performance of the 
COO model is examined in detail in comparison with the WN failure criteria as the WN models are 
currently widely used in industry to predict the notch strength of composite systems. For these 
reasons, they are good models with which to compare the performance of the CnG model. In the last 
chapter of this thesis, an investigation is made into the fatigue behaviour of notched woven GFRP and 
CFRP laminates especially with regard to the development of notched edge damage and the relevance 
of the COO model to the fatigue growth of the damage. 
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3.1. Introduction 
This chapter details the practical work carried out in this project. The composite material systems 
investigated are described and their fabrication and preparation are discussed. The techniques used 
and tests carried out to determine the various physical and mechanical properties of the laminates are 
described. Together with the methods used to observe the damage accumulation in the composite 
laminates during mechanical testing. 
3.2. Materials 
3.2.1. Introduction 
There were thirteen different laminates investigated in this study, one was a quasi-isotropic glass fibre 
reinforced polymer (GFRP) composite laminate and the other twelve were cross ply and quasi-
isotropic carbon fibre reinforced polymer (CFRP) composite laminates covering a range of weave type 
and laminate thickness. This section describes the two different materials systems in terms of their 
constituenJ~ and processing. 
3.2.2. Glass System 
3.2.2.1. Introduction 
The GFRP laminate system investigated was a quasi-isotropic (0/90/+45/-45/-45/+45/90/0) lay-up. 
This section details the two components of the laminate, the matrix and the fibre, and the processing 
technique. 
3.2.2.2. The Fibre 
The fibre reinforcement used was an E-glass continuous fibre eight harness satin (8HS) weave fabric. 
The 8HS weave fabric was a Fothergill Engineered Fabrics Ltd. Y0227 E-glass eight harness satin 
fabric (British Standard 3396 S2/22) with a Methacrylato Chromic Chloride finish (Code 205). The 
cloth was woven from similar warp and weft tows, each tow consisted of 3 finer twisted fibre bundles 
(with a tex value of 22) twisted together. The cloth is marginally unbalanced with 224 ends and 213 
picks per decimetre respectively. The cloth has a weight of approximately 297 g/m2 and thickness of 
0.23 mm. The Methacrylato Chromic Chloride fmish is a proprietary finish, which is applied to batch 
heat-cleaned fabrics to improve the adhesion of the fibres to the chosen matrix and to aid in handling. 
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The density of the E-glass fibres is taken as 2.56 g/cm3 (from Fothergill Engineered Fabrics Ltd.), 
which is consistent with values in literature (e.g. Hull and Clyne, 1996). 
3.2.2.3. The Matrix 
The resin matrix used was a Shell Epikote 828 (Bisphenol-A) epoxy resin system with a Shell epicure 
nadic methyl anhydride (NMA) curing agent and Ancamine K61B accelerator. This resin system was 
chosen as its refractive index is similar to that of E-glass, and its surface energy is low so that it 
readily wets glass fibres. Hence there is good interfacial bonding with the fibres, producing a 
transparent material. 
The resin was produced in following proportions, 100 g of resin with 60 g of curing agent and 4 m1 of 
accelerator. The density of the epoxy resin matrix is taken as 1.21 g/cm3 from tests using Archimedes' 
Immersion Princip\e (see section 3.4.3.); this value is consistent with the values measured by Marsden 
(1996) and Manger (1999). 
3.2.2.4. Laminate Fabrication 
The glass fibre reinforced laminates were fabricated using a modified wet lay up process. The fabric 
layers were first marked using a fme permanent marker pen, by marking the crimps, along three tows 
in each orthogonal direction. This produced a grid of dots, 200 mm by 200 rnrn, which enabled any 
shear introduced in the cloths during lay-up to be corrected ensuring good alignment in each 
orthogonal direction. The warp side and direction were also identified, so that when the fabric layers 
were stacked the warp, or roll, direction would be placed in the desired alignment. Two of these 8HS 
layers would be aligned in the 0/90 direction and the other two in the +45/-45 directions to produce a 
quasi-isotropic (0/90/+45/-45/-45/+45/90/0) woven composite laminate. One laminate was laid up as 
a quasi-isotropic (90/0/+45/-45/-451+45/0/90); this produced a different stacking sequence for 
comparison with (01901+45/-451-451+45190/0). 
Due to the angle associated with crimp periodicity in the fabric, one of the two layers of each 
orthogonal direction was rotated by 180°, whilst keeping the warp direction and warp dominated side 
unchanged (i.e. 0° direction and top side). This should minimise any effects due to crimp periodicity 
of the satin weave. 
The resin system components were weighed out, thoroughly mixed together and degassed in a vacuum 
oven at 50°C prior to laminating. The laminates were laid-up between two flat glass plates 
approximately 260 rnrn by 260 rnrn. The plates were thoroughly cleaned beforehand by scraping with 
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a razor blade and wiping with methanol. A ~n layer o~ mould release wax was then applied to the 
surface of both plates, prior to the plates being preheated in an oven at 50°C. The plates were 
preheated to 50°C to try to maintain this temperature for as long as possible during the laminating 
process as it assists resin flow, since the viscosity of the resin decreases with increasing temperature. 
A square of silicone release agent impregnated melanex was then placed on top of the glass plate. The 
melanex covered plate, was wet with resin before a layer of glass cloth was carefully laid down in the 
correct orientation. This was allowed to wet for thirty seconds before a small reservoir of resin was 
applied to the centre of the fabric and a layer of melanex, without impregnated silicone release agent, 
was placed on top. The cloth was aligned orthogonally with the use of a square grid marked on a 
transparent polymer film, similar to that marked on the fabric. Once aligned, any remaining air 
bubbles were carefully forced out with some of the excess resin using a straight edged tool. This 
procedure was repeated for the next fabric layer using a third preheated glass plate. In this case it was 
not necessary to wax the glass plate or use release agent impregnated melanex, as neither surface 
would be the final laminate surface. The top melanex layers were then removed from each cloth and 
the two cloths were brought together with more excess resin, ensuring like sides and directions were 
stacked together to maintain overall symmetry about the mid-plane. Once aligned, any remaining air 
pockets were carefully forced out as before. 
Additional layers of fabric reinforcement were stacked onto the original glass plate following the 
procedure described above until the required number of layers was reached. The top melanex layer 
was then removed and more resin was introduced to the centre of the laminate. A square of release 
agent impregnated melanex was then applied on top of the laminate. A fmal check on alignment was 
performed before expelling any remaining air. The second preheated waxed plate was then placed on 
top of the laminate. The laminate was placed in the centre of a level plate in an oven. Cast iron 
weights were applied to give a pressure of - 6.15 kPa. The laminate was then cured at 100°C for 3 
hours. 
This method produced good quality laminates, but some minor' defects such as voids and resin poor 
regions were observed in some areas, of some laminates. After inspection the cured laminate edges 
were trimmed parallel to the orthogonal fabric axes using a water-cooled diamond saw. Test coupons 
of 25 x 230 mm were sectioned for quasi-static, single edge notch (SEN) and fatigue investigations. 
Two 50 x 230 mm or 50 mm wide coupons were produced to reduce the influence of edge effects in 
specimens with large (10 mm diameter) holes. All the coupons were post-cured at 150°C for 3 hours 
between glass plates to prevent warping. 
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Nine laminates were produced and each was labelled with a letter (A, B, C etc.), the letter reflecting 
the manufacturing sequence. All subsequent coupons produced from that laminate were given an 
individual number along with the letter from the particular laminate it came from. This made it 
possible to keep track of the origin of coupons and allowed comparisons to be made between 
laminates. Coupons from each laminate were used for both notched and unnotched samples, with the 
aim of ensuring that no one set of results obtained would be biased to a particular laminate. 
3.2.3. Carbon Systems 
3.2.3.1. Introduction 
There were twelve carbon fibre reinforced laminates investigated. Half of the carbon fibre reinforced 
systems investigated were plain weave (PW) continuous carbon fibre reinforcement and the other half 
were five harness satin (SHS) weave continuous carbon fibre reinforcement. For each weave type two 
different lay-ups were used, cross-ply and quasi-isotropic. Then for each weave type and lay up, three 
different thicknesses were investigated. The flow diagram shown in figure 3.1. indicates the break 
down of the different CFRP laminates that were investigated. 
carbon System; 
/ ~ 
PlainWeaie Rve Harness Satin WetM3 
I \ I \ 
QassPly Quasi-Isotropic QassPly OJasi-lsotropic 
+ + + + 
2 Layer 4 Layer 2 Layer 4 Layer 
I I I I 
4 Layer 8 Layer 4 Layer 8 Layer 
I I I I 
8 Layer 12 Layer 8 Layer 12 Layer 
Fig. 3. J. Flow diagram showing the break down of the twelve carbon fibre systems. 
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3.2.3.2. The Fibre 
The fibre used for all the carbon systems was the Toray T300 high strength carbon fibre. The PW and 
5HS weave laminates were manufactured from Primco pre-pregs, which had a weight of 
approximately 200 g/m2 and thickness of 0.2 mm. The density of the Toray T300 carbon fibres is 
taken as 1.75 g/cm3 from the literature (Hull and Clyne, 1996). 
3.2.3.3. The Matrix 
A Vantico MY750 epoxy resin system was used in all twelve systems. The density of the Vantico 
MY750 resin matrix is taken as 1.25 g/cm3 as found in literature (Hull and Clyne, 1996). 
3.2.3.4. Laminate Fabrication 
Unlike the glass fibre reinforced laminates, the carbon fibre reinforced laminates were fabricated by 
St. Bernards Composites Ltd. In total sixteen panels were manufactured. For each of the four thickest 
lay-ups two panels were made instead of one. Table 3.1. shows the lay-up sequence for each laminate 
manufactUred and the chosen designation code for each lay-up. The designation code consists of two 
alphanumeric characters followed by a number. The first alphanumeric character designates the type 
of weave reinforcement, P for plain weave and 5 for five harness satin. The second character 
designates the lay-up orientation, X for cross-ply and Q for quasi-isotropic. The number that follows 
refers to the number of layers of the reinforcement that were used to make the laminate. 
Table 3.1. Laminate Lay-up and Designation Code 
Weave Type Orientation No. of Lay-up Designation Layers 
PW Cross-Ply 2 (0/90190/0) PX2 
4 (0/90190/010/90190/0) PX4 
8 (0/90190/°1°/9°190/°1°/90190/01°/90190/0) PX8 
Quasi-Isotropic 4 (0/901451-451-45145190/0) PQ4 
8 (0/90/451-451-451451901010/901451-451-45/45190/0) PQ8 
12 PQ12 
(0/90/451-451-45145190/010/90/451-451-451451901010/90145/-451-45145190/0) 
5HS Cross-Ply 2 (0/90190/0) 5X2 
4 (0/90190/01019019010) 5X4 
8 (0/90190/010/90190/010190190/010/90190/0) 5X8 
Quasi-Isotropic 4 (0/901451-451-45145190/0) 5Q4 
8 (0/901451-451-451451901010/90/451-451-45145190/0) 5Q8 
12 5Q12 
(0/90/451-451-451451901010190/451-451-451451901010190/451-451-45145190/0) 
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After the panels were manufactured, they were ultrasonically C-scanned at DERA (QinetiQ) to 
investigate the presence and extent of defects. The C-scan results showed that there were some areas 
on the panels that contained some porosity. The thinner panels were virtually porosity free but the 
larger panels tended to have large areas of porosity. Although even in the worst cases the extent of 
porosity in these areas was below 3%. The C-scan results, were used to identify the areas on the 
panels where the porosity was significant; these areas were then marked on the laminates using a 
waterproof marker pen. 
The manufactured panels were 1 m by 1 m square, so they were first sectioned in half, with a water-
cooled diamond saw. One half was then cut, again with a water-cooled diamond saw, into eight equal 
panels measuring 0.25 m by 0.25 m square. Each of the eight smaller panels was labelled A to H as 
shown in the schematic diagram in figure 3.2. 
T y y 
ABC 0 
~ ............. ! ............. ! ............. ~ ............ . 
E ! F ! G i H 
~ ...................................................... , 
Fig. 3.2. Schematic diagram showing how each panel was sectioned and each smaller panel labelled. 
Care was taken to choose panels with little or no porosity, when selecting panels to be sectioned into 
coupons. However, for some of the thicker laminates it was unavoidable that there would be some 
porosity. All coupons produced from a panel were given a number along with the letter from that 
particular panel. Thus the coupons full label would then be its lay-up designation, its panel letter and 
coupon number (e.g. 5Q4-A6). This made it possible to keep track of the origin of coupons and 
allowed comparisons to be made between panels and help ensure that no one set of results obtained 
would be biased to a particular panel. 
In addition, some large coupons (120 mm by 480 mm) were prepared from the thicker lay-ups (pX8, 
PQ12, 5X8 and 5Q12). These large coupons were prepared at QinetiQ, Farnborough, where they were 
end tabbed, notched with 20 mm diameter circular centre holes and tested. 
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3.3. Sample Preparation 
3.3.1. Introduction 
This section details the techniques used to prepare the coupons for quasi-static mechanical testing and 
fatigue testing. This includes the introduction of the discontinuities for the notched investigations and 
the end tabbing of coupons. 
3.3.2. Machining of Notches 
Circular centre holes of 2.5, 5 and 10 mm diameter were drilled using low helix, high-speed steel drill 
bits normally for use with thermosetting polymers. These drill bits have acute point angles to reduce 
end pressure and minimise matrix burning and material break away when the drill bit exits the 
laminate. A hardened steel drilling jig was used to ensure that the holes were centred and that the exit 
of the drill bit was as clean as possible. The notched coupons were inspected after drilling to ensure 
that excess damage around the notch edge had not been introduced due to the drilling. 
3.3.3. End Tabbing 
Aluminium end tabs were attached to all glass coupons tested and to carbon coupons that were to be 
subjected to demanding grip conditions (e.g. the single edge notch calibration specimens and fatigue 
testing). The end tabs were used to ensure that the load was effectively transferred from the 
mechanical testing machine grips to the sample. Before the aluminium end tabs of 25 mm x 50 mm 
were bonded to the ends of the laminate coupon, both surfaces had to be prepared. The coupons were 
abraded with silicone carbide 360 grit paper at either end of coupons to produce a roughened surface 
suitable for adhesive bonding. The aluminium end tabs were etched for 30 minutes at 65°C in a 
concentrated sulphuric acid / sodium dichromate solution, to produce a chemically clean surface 
suitable for adhesive bonding. Once dried, the aluminium tabs were bonded to the coupon ends. 
Permabond F245 two part toughened acrylic adhesive was used for the glass fibre reinforced coupons 
and the 3M Scotch-Weld DP 490 structural adhesive was used for the carbon fibre reinforced coupons. 
This produced tabbed coupons with a 130 mm gauge length for the glass fibre reinforced coupons and 
alSO mm gauge length for the carbon fibre reinforced coupons. 
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3.4. Testing 
3.4.1. Introduction 
This section describes the methods used to determine the various physical and mechanical laminate 
properties investigated, including the relevant testing standards followed. 
3.4.2. Fibre Volume Fraction Determination 
3.4.2.1. Glass 
Fibre volume fractions for the glass fibre reinforced laminates were determined by gravimetric means. 
Measuring the change in mass after a matrix burn off allows the mass of fibre and matrix to be 
determined. Representative laminate material was sectioned into samples, these were weighed with a 
balance accurate to 10-4 g then placed into pre-weighed porcelain crucibles and fired to 600°C for 3 
hours; this ensured complete matrix burn-off. Once sufficiently cooled the crucibles containing the 
laminate reinforcement were re-weighed. The crucibles were weighed as soon as possible after firing 
to minimise any possible effect of moisture absorption from the atmosphere which could skew the 
results. The fibre volume fractions were then calculated from the relative masses and densities, of the 
resin matrix and glass fibre reinforcement, according to the relation: 
(M I xPm) 
VI = (MIx P /If ) + (M /If x PI ) (3.1) 
In equation (3.1), Vtis the fibre volume fraction, M/is the mass of fibres, Mm is the mass of the matrix 
material and ,0" and Pm are the densities of fibre and matrix, respectively. 
3.4.2.2. Carbon 
The fibre volume fractions for the carbon fibre reinforced laminates were determined by acid 
digestion. Measuring the change in mass after the matrix was removed by acid allows the mass of 
fibre and matrix to be determined. Representative laminate material was sectioned into samples of 
around Ig in mass, these were weighed with a balance accurate to 10-4 g. The samples were put into a 
beaker with 100 ml of 98% concentrated sulphuric acid along with a magnetic stirrer. The contents of 
the beaker were heated on a magnetic stirrer hot-plate for 10 minutes, with the magnetic stirrer active, 
till the contents began fuming. The heat was maintained for a further 10 minutes to allow the acid to 
fully digest the matrix. The contents of the beaker were then allowed to cool for 10 minutes before 
60% concentrated hydrogen peroxide was slowly introduced into the beaker drop by drop. The 
hydrogen peroxide was added till the solution became clear indicating that the acid had been 
neutralised. The contents of the beaker were then poured into a pre-weighed Pyrex filter funnel and a 
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vacuum was introduced to assist in removing the solution. The remaining contents, the undigested 
carbon fibres, were then rinsed several times with water to ensure that they were clean. The Pyrex 
filter funnel and contents were then left in an oven set at 100°C to dry overnight. The Pyrex filter 
funnel and contents were then weighed, and the fibre volume fraction calculated from the relative 
masses and densities of the resin matrix and glass fibre reinforcement, according to equation (3.1). 
3.4.3. Density Measurements 
Density was measured using the Archimedes' immersion principle. The sample was weighed in air 
and then re-weighed in water. The difference in mass (air to water) is due to the 'up thrust' created by 
the displaced water, which is dependent on the volume of the sample. The density of the sample was 
then calculated by the relation: 
Ps = ;:w (3.2) 
s 
In equation (3.2), ps is the density of the specimen, Pw is the density of water, Msa is the mass of the 
specimen when weighed in air and LiMs is the difference in mass of the specimen when weighed in air 
and in water. 
3.4.4. Quasi-Static Mechanical Testing 
The tests carried out in this study under quasi-static tensile loading were on coupons tested using an 
Instron 1175 machine, upgraded to a 5500R. A crosshead speed of 0.5 mmlmin, and a load cell of 100 
kN was used. Load and strain data were recorded at one-second intervals using a PC data-logging 
package from Instron. 
The ASTM standard D 3039 was followed wherever possible in determining the in-plane tensile 
properties of the laminates investigated. The in-plane tensile properties of interest were Young's 
modulus and strength of the unnotched coupons and strength of the notched coupons. The Young's 
modulus values were determined by taking a linear regression of stress against strain between 0.05% 
and 0.30% strain. 
The critical strain energy release rate, Gc:, was measured using single edge notch (SEN) specimens. 
The methods recommended for the toughness determination of metallic materials ASTM standard E 
399-90 were followed where possible. The edge notches were machined using a jewellers saw and 
sharpened prior to testing with a fresh scalpel blade. It was necessary to establish the relationship 
between specimen compliance and edge notch length before the toughness measurements could be 
made. The compliance calibration was achieved by recording the load-extension profiles at 
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incrementally increased edge notch lengths from 0 mm to 15 mm, at 1 mm intervals. The samples 
were loaded to 0.3 % strain and unloaded this cycle was repeated three times for each notch size. This 
allowed three compliance measurements to be made for each notch size of each sample, and the 
average compliance was then used. This compliance data was averaged over three samples at each 
edge notch length, before a fourth order polynomial was fitted. The polynomial expression was then 
differentiated to obtain an expression for the relationship between the rate of change of compliance 
with edge notch length, dC/da, and crack length, a. 
The toughness measurements were carried out at three edge notch lengths (4, 8 and 12 mm). Again 
the load-extension profiles were recorded and the maximum load was used as the fracture load. The 
toughness of the laminates were then found using the expression: 
G = P;ax de 
c 2B da (3.3) 
In equation (3.3), B is the thickness of the laminate, PMax is the maximum load at failure, C is the 
compliance and a is the length of the single edge notch or crack. 
3.4.5. Strain Measurement 
Both strain gauges and an extensometer were used to monitor the applied strain in the materials 
investigated in this project. 
Both 50 mm and 75 mm gauge length extensometers were used to measure the applied strain in the 
materials investigated in this study. These gauge lengths were chosen to ensure that the extension 
measured was remote from the notch and also far away enough from the sample ends to eliminate the 
possibility of end tab effects. The 50 mm gauge length extensometer was used at first, but later the 75 
mm gauge length extensometer was used. Epoxy glue spots were adhered to the specimen surface to 
aid the grip of the knife-edges of the extensometer and the extensometer was held tightly in place by 
rubber bands. The extensometer was removed from the coupon at 1 % strain to ensure that the 
extensometer would not be damaged when the sample failed. This was acceptable since the strain data 
collected was sufficient to determine the Young's modulus of the laminates. 
Measurements Group Inc. CEA-06-240UZ-120 alloy strain gauges, with an active gauge length of6 mm, 
were bonded to the centre of samples using a cyanoacrylate adhesive. The centre of one side of the 
sample was lightly abraded using emery cloth. Centre lines were marked on the coupon using a marker 
pen before the surface was cleaned using a water based alkaline surface cleaner. The coupon was taped to 
1 mm square graph paper to help with alignment. The strain gauge was laid down on a clean surface and 
carefully picked up with adhesive tape. The gauge was positioned accurately, parallel to the required 
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direction of strain measurement, and lightly applied to the surface of the sample with the adhesive tape. 
The tape was then carefully peeled back to expose the bonding surface. A small bead of cyanoacrylate 
adhesive was applied to the coupon just below the gauge and the adhesive tape was immediately replaced 
onto the coupon using one ftrm stroke from the bottom to the top of the gauge ensuring complete wetting 
of the gauge surface. Firm ftnger pressure was applied to the strain gauge for one minute. 
For the quasi-static testing ofunnotched samples, longitudinal and transverse strain gauges were bonded 
at the centre of coupons. The applied strain in quasi-static tensile samples was measured using bonded 
resistance strain gauges in conjunction with strain indicator boxes. The stress-strain response of the 
laminates was recorded and Poisson's ratio was detennined by taking a linear regression of negative 
transverse strain against longitudinal strain between 0.05% and 0.35% strain. 
3.4.6. Shear Modulus Determination 
For the cross-ply carbon ftbre reinforced systems, coupons were cut at 450 to the fibre direction to 
produce coupons where all the reinforcement was aligned at ±45°. These unnotched coupons were loaded 
under quasi-static conditions with longitudinal and transverse strain gauges bonded at the centre of 
coupons. The applied strain was measured using bonded resistance strain gauges in conjunction with 
strain indicator boxes. The stress-strain response of the coupons, was recorded and shear modulus was 
then detennined by the following expression: 
(j 
G12 = ( opp) (3.4) 2 EI -Et 
In equation (3.4), EI is the longitudinal strain, Et is the transverse strain and (j opp is the applied 
stress. 
3.4.7. Fatigue Testing 
All the specimens were fatigue tested in an Instron 1341 machine with servo-hydraulic grips, at room 
temperature. The tests were carried in load control at a frequency of 10Hz and sinusoidal load. The 
fatigue loading was tension-tension, with a fatigue stress ratio of 0.1 (so minimum peak stress was a 
tenth of the maximum peak stress). Load, extension and cycle data were recorded using a PC data-
logging package from MTS. The fatigue tests were carried out on notched 5 mm diameter circular 
centre holed coupons to evaluate the residual strength after 5000, 50,000 and 500,000 cycles. The 
material systems investigated were the quasi-isotropic glass fibre system and the 5Q4 and PQ4 carbon 
fibre systems. 
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3.5. Damage Observation 
3.5.1. Introduction 
Conventional light photography and video recording were used to observe and record damage 
development in the glass fibre reinforced laminates. This was made possible due to the transparent 
nature of the glass fibre reinforced polymer laminate. The carbon fibre reinforced laminates were not 
transparent so damage characterisation was not straight forward as the damage was not visible. 
Scanning electron microscopy however was used for both reinforcements to investigate the presence 
and extent of fibre tow damage near and around the notch edge. 
3.5.2. In-situ Plan View Damage Observation 
The term plan view damage is used to describe the damage formed which is visible when viewed 
perpendicular to the plane of the laminate. The plan view damage development was recorded during 
testing by in-situ photography and video recording. The camera used for the photography was a 
Nikon F301 camera used with llford FP4 DX film. The camera used for the video recording was a 
Panasonic NV-MIOB VHS movie camera. In both cases the camera was carefully aligned to ensure it 
was perpendicular with respect to the sample. A diffuse light source (a light box) was positioned 
behind the sample to produce a contrast between the damaged and undamaged regions in the laminate. 
Overall the video recording was preferred since it would record the continuous damage accumulation 
with the associated time scale within which the damage occurred, rather than just discrete intervals 
during the damage accumulation, as was the case with the photography. However the experimental 
data (stress and strain) could not be superimposed on the video recording, thus the damage observed 
on the video cannot be correlated back to experimental data. The photographs on the other hand can 
be correlated to a stress and strain at the point at which the photo had been taken. 
3.5.3. Scanning Electron Microscopy 
Plan view photographs show matrix damage and give an indication of the extent of delamination and 
fibre failure at notch edges. Since the extent of fibre tow failure is not clear from plan view 
photography it is necessary to study the damage layer-by-Iayer to properly observe fibre tow failure. 
This required loading of notched coupons to just below their failure loads, then unloading rapidly 
when a critical damage zone had formed. The coupon regions near the notch that contained the 
damage were sectioned and the matrix was burnt off to expose the reinforcement. For the glass fibre 
reinforced laminates, the burn off was carried out at 600°C for 3 hours. For the carbon fibre 
reinforced laminates, the bum off was carried out at 525°C for 3 hours; this ensured that the burn off 
did not damage the carbon fibre reinforcement, even if the matrix had not been completely burnt off. 
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Since conventional light microscopy does not have sufficient depth of focus to image the undulating 
woven fibre reinforcements, scanning electron microscopy (SEM) was chosen to study the damaged 
reinforcements. Each layer of the reinforcement was then examined separately, using the depth of 
focus of a scanning electron microscope to determine the extent of fibre damage. A variable pressure 
Hitachi environmental S300N scanning electron microscope was used. The damaged reinforcements 
were gold coated, and viewed in secondary electron imaging mode. 
3.6. Concluding Remarks 
In this chapter the experimental methods have been outlined. The following chapter presents the 
results and the subsequent notch strength modelling results obtained for the GFRP specimens. 
60 
CHAPTER 4. GFRP EXPERIMENTAL RESULTS 
AND MODELLING 
61 
CHAPTER 4. GFRP EXPERIMENTAL RESULTS AND MODELLING 
4.1. Introduction 
This chapter deals with the study of the glass fibre reinforced polymer system and is concerned with 
extending the study of Manger (1999), which considered notched woven cross-ply laminates, to 
include the fracture of notched woven quasi-isotropic GFRP laminates. The structure of the chapter is 
as follows. The basic property data for the glass reinforced quasi-isotropic laminates are presented 
along with qualitative and quantitative observations relating to the damage growth prior to fracture. 
Modelling procedures are briefly outlined, followed by a comparison of model and experiment and 
associated discussion. 
4.2. Experimental Results 
4.2.1. Fibre Volume Fraction 
The laminate thickness and fibre volume fractions are shown in Table 4.1. The fibre volume fraction 
values given are an average for several sections taken from regions across the same laminate. It 
should be noted that the laminate thickness varies across the laminate and from laminate to laminate. 
As fibre volume fraction is a function of laminate thickness, this will affect the fibre volume fraction. 
However there is good agreement in general between the results, which is expected, as all the 
laminates were four layer fabric laminates and made by the same process. The results show that the 
average laminate thickness is 1.23 ± 0.02 mm with a fibre volume fraction of 38 ± 1%. This is 
consistent with 37.8 % fibre volume fraction obtained by Manger (1999) for four layer cross-ply 8HS 
fabric laminates. 
Table 4.1. Average Laminate Fibre Volume Fractions· 
Laminate Average Laminate Thickness Fibre Volume Fraction 
(mm) (%) 
A 1.25 39.8 
B 1.25 39.5 
C 1.22 37.6 
D 1.22 37.1 
E 1.21 37.3 
F 1.23 38.6 
G 1.21 37.8 
H 1.24 37.1 
I 1.25 37.2 
• - The lay-up sequence of Laminate A was (90/0/+45/-45/-45/+45/0/90) and the lay-up sequence of 
the other laminates was (0/90/+45/-45/-45/+45/90/0). 
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4.2.2. Unnotched Laminate Properties 
Fig. 4.1. shows the graphs of stress against strain for the six unnotched coupons. From Fig 4.1. it is 
evident that the curves are very consistent with each other, especially between 0.05 % and 0.3 % 
strain. The curve for laminate A differs very slightly to the other curves. This may be an effect of the 
different stacking sequence of the laminate. 
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The Young moduli and unnotched trengths are presented in Table 4.2. Coupon AI was the first 
unnotched laminated tested and wa not fitted with an extensometer, so a value for Young's modulus 
could not be d termined. The average Young's modulus for the (0/90/±45)s laminates was calculated 
to be 16 GPa with a standard de iation of 0.35 GPa and the Poisson' s ratio for the (0/90/±45)s 
laminates was determined to be 0.300 with a standard deviation of 0.001 . 
Tabl 4.2. Mechanical Properti of Un notched Coupons 
Coupon Young' Modulu - E, Strength - (J"o 
(GPa) (MPa) 
Al - 268 
A2 16.2 276 
A3 15 .5 270 
BI 16.2 230 
8 2 15.6 291 
8 3 16.5 229 
C I 15 .6 219 
0 1 15.6 227 
EI 15.8 255 
FI 16.0 -
F2 16.3 -
F3 16.1 -
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With the exception of coupon B2, all the unnotched coupons failed at or near the grips (coupons F1, 
F2 and F3 were not loaded to failure, hence no strength values are given). This presents a difficulty in 
detennining the unnotched strength. A suggested reason for the high number of grip failures for these 
quasi-isotropic laminates compared to earlier work on cross-ply woven laminates by Manger (1999), is 
that quasi-isotropic laminates tend to undergo more transverse strain due to their higher Poisson's ratio 
(0.30 compared to 0.16 for the biaxial laminates of Manger (1999». Hence when the material is 
constrained as in the grips, it cannot defonn freely and the resulting stress concentration causes 
premature failure. Hence, to determine a value for the unnotched strength of quasi-isotropic laminates 
use is made of the previous work on biaxial laminates. A four-layer cross ply (O/90)s eight harness 
satin fabric reinforced laminate has a strength of 330 MPa and modulus of 19.2 GPa [23] giving a 
failure strain of 1.72 %. If this failure strain is applied to the average measured modulus of 16 GPa for 
the quasi-isotropic composite tested here, then an unnotched strength of 275 MPa is suggested for the 
quasi-isotropic laminates. This value is close to the measured strength of the unnotched coupon B2, 
which failed in the gauge length. Hence, the unnotched strength of the quasi-isotropic laminates is 
taken to be the strength oflaminate B2 (Le. 291 MPa). 
4.2.3. Notched Laminate Properties 
Experimental values for the strength of the notched specimens are presented in Table 4.3. Where 
standard deviations are shown, a minimum of five samples were tested; otherwise the full range of 
values is shown. 
Table 4.3. Strength of Notched Laminates 
Notch Size - d d/WRatio Lay-up Strength - UN 
(mm) (MPa) 
2.5 0.1 (90/0/±45)s 169 ± 0.5* 
(O/90/±45)s 184 ± 4.3 
5 0.2 (90/0/±45)s 141 ± 2.0* 
(O/90/±4S)s 151 ± 4.0 
10 0.4 (90/0/±45)s 103 ± O.S* 
(0/90/±45)s 112 ± 1.7 
10 0.2 (O/90/±45)s 133 ± 3.7* 
* -Range shown is for two samples. 
The two stacking sequences differ slightly in strength, with the laminate having 00 tow dominated 
surfaces having a strength which is about 10 % higher. The reproducibility of the results for a given 
notch size and coupon width is very good. A graph of nonnalised strength against the ratio of notch 
size to coupon width, using the B2 measurement as the unnotched strength, is given in Fig. 4.2. for the 
(0/90/±4S). laminates. Values have been averaged for each notch size for each laminate where 
applicable. In Fig. 4.2. it is seen that the data are consistent from laminate to laminate and in later 
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plots average values are used. At a notch size to coupon width ratio of 0.2 tbe data from Laminate G 
(10 mm diameter holes in 50 mm wide coupons) lie below tbe data from the other laminates (5 mm 
holes in 25 mm wide coupons). Thjs is discussed later (see section 4.3.2.1.). 
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4.2.4. Lamjnate Tougbn 
Three coupons were u ed to determine the compliance characteristics. Fig. 4.3. shows the measured 
compliance calibration cur e and the average compliance against crack length curve obtained from 
the e data. 
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The toughness measurements were carried out on 25 mm wide coupons for three crack lengths (4, 8 
and 12 mm). Table 4.4. shows the experimental values for the failure loads of the notched coupons 
and the calculated toughness, or critical strain energy release rate, using equation (3.3). The results 
give an average critical strain energy release rate, Ge, of 20.2 ± 2.2 kJ/m2 which is similar to the Ge 
value of 20.85 kJ/m2 obtained by Manger (1999) for cross-ply glass four layer eight harness satin 
weave laminates. 
Table 4.4. Toughness Measurements 
Coupon Notch Size - a Max Load - PMax Toughness - Ge 
(mm) (kN) (kJ/m2) 
F4 4 3.49 21.4 
F5 4 3.44 20.8 
F6 8 2.17 17.5 
F7 8 2.18 17.8 
F8 12 1.53 23.3 
F9 12 1.44 20.7 
The fracture toughness, Ke, was calculated from the critical strain energy release rate, Ge, Young's 
modulus, E, and Poisson's ratio, v, by the relation: 
K-~ e-v~ (4.1) 
This gives a fracture toughness value of 19.8 MPa.m~ for this quasi-isotropic glass/epoxy four layer 
eight harness satin weave laminate. 
4.2.S. Damage Observations 
4.2.S.1.1n-situ Plan View Damage Observations 
Plan view photography showed the damage that developed in a notched (0/90/+45/-45/-45/+45/90/0) 
glass reinforced laminate coupon during quasi-static tensile testing. Fig. 4.4. to Fig. 4.12. provide a 
sequence of in-situ photographs showing the damage development, from an unstressed state to failure. 
From the sequence it can be seen that the damage begins with fine matrix cracking near the notch, 
which gradually increases in density with increasing applied load. This matrix cracking spreads 
eventually to the whole specimen and then at about 90% of the maximum load, an intense damage 
zone forms at the notch edge. It will be shown later in this section that this damage zone is a region of 
fibre tow fractures, very dense matrix cracking and delaminations, and is generally seen on both sides 
of the hole, although the fibre tow fractures do not extend the full length of this damage zone. 
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o 
Fig. 4.4. In-situ photograph showing a laminate coupon containing a 2.5 mm circular centre hole at 
zero extension and zero stress. 
o 
Fig. 4.5. In-situ photograph showing the formation offine matrix cracks near the notch of a laminate 
coupon containing a 2.5 mm circular centre notch at 1.0 mm extension and ~73 MPa stress. 
o 
Fig. 4.6. In-situ photograph showing the damage developed in a laminate coupon containing a 2.5 
mm circular centre notch at 1.25 mm extension and ~89 MPa stress. 
Fig. 4.7. In-situ photograph showing initiation of matrix cracking throughout a laminate coupon 
containing a 2.5 mm circular centre notch at 1.5 mm extension and ~104 MPa stress, . 
67 
CHAPTER 4. GFRP EXPERIMENTAL RESULTS AND MODELLING 
Fig. 4.8. In-situ photograph showing the damage developed in a laminate coupon containing a 2.5 
mm circular centre notch at 2.0 mm extension and ~133 MPa stress. 
Fig. 4.9. In-situ photograph showing the damage developed in a laminate coupon containing a 2.5 
mm circular centre notch at 2.5 mm extension and ~160 MPa stress. 
Fig. 4.10. In-situ photograph showing the damage developed in a laminate coupon containing a 2.5 
mm circular centre notch at 2.75 mm extension and ~173 MPa stress. 
Fig. 4.11. In-situ photograph showing the formation of the critical damage zone in a laminate coupon 
containing a 2.5 mm circular centre notch at 3.0 mm extension and ~ 184 MPa stress. 
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Fig. 4.12. In-situ photograph showing a laminate coupon containing a 2.5 mm circular centre notch 
atfailure, -3.05 mm extension and -185 MPa stress. 
From video recordings it was observed that, the width of the damage zones remained reasonably 
constant while the length of the damage zone increased with further strain (the width and length are 
defined in Fig. 4.16.). The damage zone propagates stably initially and then catastrophically to failure. 
Figures 4.13. to 4.15. show examples of the maximum stable "critical damage zone", i.e. just prior to 
catastrophic fracture, in the 2.5 , 5 and 10 mm circular centre notched coupons. 
Fig. 4.13. Plan view in-situ photograph showing the critical damage zone formed on a laminate 
coupon containing a 2.5 mm diameter circular centre notch. 
Fig. 4.14. Plan view in-situ photograph showing the critical damage zone formed on a laminate 
coupon containing a 5 mm diameter circular centre notch. 
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Fig. 4.15. Plan view in-situ photograph showing the critical damage zone/ormed on a laminate 
coupon containing a 10 mm diameter circular centre notch. Note in this case, the intense damage 
zone/ormed on one side of the holefirst. 
From a combination of plan view photographs and video records, the dimensions of the "critical 
damage zone" (i.e. the damage zone just before catastrophic failure) were measured, with the critical 
damage zone modelled as a rectangle for simplicity, see Fig. 4.16. 
w 
Fig. 4.16. Schematic model of damage zone. 
The key dimensions are Wr and w" the widths of the damage zone on the right hand side and left hand 
side of the notch respectively, and Ir and I" the lengths of the damage zone at maximum load on the 
right hand side and left hand side of the notch respectively, called here the critical damage zone 
lengths. The critical damage zone dimensions are presented in Table 4.5. along with the approximate 
stress at the fonnation of the measured critical damage zone. The data for the damage zone size are 
presented in figures 4.17. and 4.18., with the widths and lengths from both sides of the hole being 
plotted together as a function of notch tip root radius. 
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Table 4.5. Measurement of Critical Damage Zone Dimensions 
Coupon W d WI Wr 11 1r Stress 
(mm) (mm) (mm) (mm) (mm) (rom) (MPa) 
A4 25.0 2.5 1.7 2.1 2.5 2.6 163 
A6 25.0 5 1.4 1.4 1.9 1.7 137 
A8 25.0 10 2.1 0.0 2.6 0.0 101 
B4 25.0 2.5 1.5 1.8 1.4 1.8 179 
C5 25.0 2.5 1.6 1.6 1.5 1.3 180 
C7 25.0 10 2.7 2.4 3.2 3.5 108 
D5 25.0 2.5 1.7 1.6 1.8 l.9 190 
D6 25.0 5 2.2 2.2 2.3 2.6 154 
D7 25.0 10 2.2 1.7 2.4 2.3 112 
E2 24.9 2.5 2.1 2.0 2.4 2.3 184 
E5 24.9 2.5 1.9 1.9 2.4 2.5 187 
E6 24.9 5 1.2 1.6 1.6 1.8 150 
E7 24.9 10 2.3 0.0 2.6 0.0 114 
F4* 25.2 0.5 1.6 n/a 3.6 nla 113 
F5* 25.2 0.5 1.9 nla 9.3 nla III 
F6* 25.2 0.5 1.7 n/a 4.0 n/a 69.9 
F7* 25.2 0.5 1.3 n/a 3.6 n/a 70.5 
F8* 25.2 0.5 1.5 n/a 4.1 n/a 49.3 
F9* 25.2 0.5 1.7 n/a 5.1 nla 46.5 
GI 50.2 10.0 2.1 2.3 3.2 5.5 129 
02 50.0 10.0 2.7 2.6 3.8 3.9 137 
*- Denotes data from the SEN coupons 
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Fig. -1.1 . Graph oj critical damage zone length against notch tip root radius. 
Fig. 4.17. how the width dimen ion and Fig. 4.18. shows the critical length dimensions. Note that 
data from the EN fracture toughness tests are included in Fig. 4.17. at a nominal notch root radius of 
0.25 mm (which i the half width of the aw blade, prior to sharpening with a scalpel blade). The 
damage zone width i rea onably can tant acro s all specimens, as is the critical damage zone length 
for the specimens containing holes (the critical damage zone lengths for the SEN tests were not 
measured). The damage zone widths and lengths for the 10 mrn hole in the 50 mm wide specimen 
were very simi lar to the damage zone width for the ] 0 nun hole in the 25 nun wide specimen. 
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4.2.5.2. Scanning Electron Microscopy 
Sections were cut from samples unloaded just before failure so that the damage close to the hole could 
be examined in more detail. The fabric layers were separated giving four layers, the first layer being 
(0/90) orientated, the second (+45/-45), the third (-45/+45) and the final layer being (90/0) orientated. 
Each layer was examined in the SEM. The micrographs shown in Figures 4.19. and 4.20. are from a 
5 mm diameter circular centre hole, but the results were similar in the other two notch sizes. Note that 
each figure contains two micrographs, one for each side of the hole. Fig. 4.19. shows the first layer 
which was (0/90) orientated; the 0° tows have fractured up to three tows away from the notch edge, 
which was about half the length of the intense damage zone. Fig. 4.20. shows the second (+45/-45) 
layer. None of the 45° tows were fractured; there was evidence of individual fibre fractures but whole 
tows remained intact. Overall the damage studies indicate that the damage growth was localised and 
self-similar in nature. Hence a physically based failure criterion would need to take this into account. 
Fig. 4.19. Secondary electron micrograph showing damage adjacent to a 5 mm circular centre notch 
in the first (0/90) layer. 
Fig. 4.20. Secondary electron micrograph showing damage adjacent to a 5 mm circular centre notch 
in the second (+45/-45) layer. 
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4.3. Modelling 
4.3.1. Introduction 
The models considered in this study were the Whitney-Nuismer point and average stress criteria and a 
critical damage growth model applied previously to notched woven glass fabric composites by Manger 
(1999). 
The experimentally measured notched strengths of the laminates were predicted using the well 
established semi-empirical point and average stress criteria, originally proposed by Whitney and 
Nuismer (1974) which have been modified for orthotropic materials by Naik and Shembekar (1991). It 
is well known that a difficulty with this approach is that characteristic lengths need to be fitted. 
A second approach to predicting notched strengths, which could be called a critical damage growth 
(COO) model, was used, based on a model developed by Hitchen et al (1994). The analysis is based 
upon the stable growth and subsequent catastrophic failure of a damage zone at the notch edge. The 
applied laminate stress, cr, required to grow a damage zone or crack to a length, c, from the notch edge 
(of diameter 2a) is defmed using the average stress criterion (ASC) of Whitney and Nuismer (1974). 
These models are explained in detail in the literature review in Chapter 2. 
4.3.2. Comparison with Experiment 
4.3.2.1. Whitney Nuismer Failure Criterion 
The PSC characteristic distance, do, and ASC characteristic distance, ao, as a function of notch size 
were calculated from the average notch strength at each notch size. It was noted that the characteristic 
distances for both the PSC and ASC increased with increasing notch size; this behaviour has been 
documented in other studies (Awerbuch and Madhukar 1985). 
An average PSC characteristic distance of 0.73 mm, and an average ASC characteristic distance of 
1.85 mm were calculated for the 25 mm wide coupons; these characteristic distances were then used to 
predict the notched strengths. The results of the Whitney-Nuismer (WN) model are presented in Table 
4.5., along with the average experimental notched strengths. It should be noted that the PSC and ASC 
characteristic distance for the 50 mm wide coupons were calculated from the average characteristic 
distance data for both the 25 mm and 50 mm coupons, whilst the PSC and ASC characteristic distance 
for the 25 mm wide coupons were calculated from the average characteristic distance data for the 
25 mm coupons only. 
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Table 4.5. otched trength Prediction According to the Point and Average Stress Criteria 
Notch Size Width Ratio Experimental PSC ASC 
a W dJW tr ngth - a .... do a; . Prediction Error ao aN Prediction Error 
(mm) (mm) (MPa) (mm) (MPa) (%) (mm) (MPa) (%) 
1.25 25 0.1 184 0.57 201 9.3 1.63 190 3.3 
2.5 25 0.2 151 0.72 152 0.8 1.80 152 0.7 
5 25 0.4 112 0.91 105 -5.5 2.11 ]08 -3 .1 
5 50 0.2 133 0.96 126 -5.1 2.25 129 -3.5 
Fig. 4.2 1. how the agreement between the WN P C and ASC notched strength predictions and the 
experimental data. It can be een that the A gives a better fit to the data than the PSC, but both give 
perfectly acceptable prediction for the e perimental data observed. fn addition, the fi nite width 
correction factor Y1 (equation 2.31) i abl to account for the difference in notched trength of a 10 
mm hole in a 25 mm wide specimen compared to a 10 mm hole in a 50 mm wide specimen. 
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4.3.2.2. Critical Damage Growth Model 
The unnotched trength and fracture toughnes were u ed in the critical damage growth (COG) model 
to predict the trength of the notched coupon. The results of the CDG model are presented in Table 
4.6. along with the average e perim ntal notched trengths. The predicted vaJues for critical damage 
zone length gi en by the CDG model (i.e. about 2 mm) are imilar to the derived ASC characteristic 
distance and in rea onable agreement ith e peri mental values and trend (Fig. 4.18). 
Table 4.6. DG Model otched trength Prediction 
Notch Size Width Ratio Experimental CDG 
a W d/W tr ngth - (J, Damage Zone Length Co aN Prediction Error 
(mm) (mm) (MPa) (mm) (MPa) (%) 
1.25 25 0.1 184 1.98 194 5.2 
2.5 25 0.2 lSI 2.04 156 3.6 
5 25 0.4 112 2.32 114 2.4 
5 50 0.2 133 1.80 126 -5 .2 
Fig. 4.22. how the graphical fit of the DG model prediction of notched strength in compari on 
with the e p rimental data. Again agreement i ery good. 
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4.4. Discussion 
As mentioned earlier, the unnotched strength of the glass/epoxy quasi-isotropic woven lay-up 
investigated in the present work is consistent with the value reported by Manger (1999) for 
glass/epoxy cross-ply woven lay-ups, assuming a constant strain to failure. This helped to confirm the 
appropriate value to use for the unnotched laminate strength, which is important as it is a required 
input parameter for all the fracture models investigated. With regard to the toughness, the average 
value determined in the present work was 20.2 kJ/m2, which is comparable to the value of20.9 kJ/m2 
measured by Manger (1999) on four layer glass cross-ply woven fabric composites having the same 
fibre and matrix. The mechanism of damage growth at stress raisers (the circular centre hole) is 
similar in the quasi-isotropic and cross-ply lay-ups, with matrix cracking preceding the formation of 
an intense damage zone containing tow fracture, together with a limited amount of splitting (especially 
in the cross-ply lay-up) and delamination. Use of video recording for the experiments carried out in 
the present work has shown that in the quasi-isotropic lay-up, the damage zone propagates with a 
constant width up to the point of maximum load and that this width is, to a first approximation, 
independent of the notch root radius. In spite of the similarity of fracture mechanism in the two lay-
ups, there are differences in detail. For instance, the length of the critical damage zone is rather less in 
the cross-ply lay-up (around I mm - from Manger (1999» than in the quasi-isotropic lay-up tested 
here, where the length was 2 - 3 mm. The reduced extent of the critical damage zone length in the 
cross-ply may be associated with the greater proportion of 0° tows in that lay-up. Given such 
differences, and the intact tows of the 45° layers in the quasi-isotropic lay-up damage zone, it is 
surprising that the toughness values for the two lay-ups are so similar. A better quantitative 
understanding of the origins of toughness in woven fabric systems is an area where further work is still 
required. 
In considering the behaviour of notched laminates, it is well-documented in the literature that for 
materials based on non-woven reinforcement, the intra- and inter-laminar damage which occurs can 
lead to a very complex problem to analyse (e.g. Kortschot and Beaumont (1991». The present study, 
together with the work of Manger (1999), has shown how the architecture of woven fabric composites 
reduces this complexity somewhat, leading to the propagation of a self-similar damage zone which can 
be modelled using a physically-based critical damage and fracture model. Obviously the enG model 
used here does not give a precise description of the damage zone in that not all the 0° fibre tows are 
fractured and the effect o~ the bridging 45° tows is neglected. Nonetheless, the approach gives 
predictions for the normalised notched strength which are only slightly less accurate than the ASe and 
rather better than the PSC, while being simple to implement and not requiring any calibration against 
notched strength data. The extent of damage at fracture and the trend of increasing damage zone 
length with increasing hole size predicted by the model, are reasonably consistent with the 
experimental results. 
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4.5. Concluding Remarks 
In recent work by Manger (1999), the damage development and fracture in plain weave and eight 
harness satin weave cross-ply glass fabric laminates was examined. In this study of quasi-isotropic 
woven GFRP, damage growth and fracture from circular holes has been studied in detail. It was 
shown that the damage formed near the notch, described as a damage zone, propagates away from the 
notch perpendicular to the applied stress and does so in a stable self-similar fashion, over a limited 
range of increasing applied stress. The damage zone comprises of matrix cracking, splitting and 
delamination and, most significantly, 0° tow fracture near the crimp regions. This is consistent with 
the observations made by Manger (1999) for cross-ply woven GFRP's. 
A range of mechanical property data (stiffitess, unnotched strength, notched strength and toughness) 
has been obtained for quasi-isotropic GFRP laminates based on woven fabric reinforcement. The 
notched strength data can be adequately described by the well-known Whitney-Nuismer point and 
average stress criteria models, or by a damage and fracture model which is more physically-based, 
where the stable growth of the damage zone and its subsequent catastrophic propagation were 
modelled, following previous work of Soutis and Fleck (1990) and Hitchen et. al. (1994), using a 
"critical damage growth model". This model combines an average stress criterion for damage growth 
with a fracture mechanics based criterion for catastrophic fracture. The material property data 
required for the modelling are the unnotched strength and the fracture toughness. 
The Whitney-Nuismer average stress criteria providing the most accurate notched strength predictions, 
with an error below 3.4%. Whilst the Whitney-Nuismer point stress criteria gave fair predictions, but 
of the three models it produced the least accurate predictions with a maximum error of 9.3%. The 
critical damage growth model gave good predictions, but not as good as the WhitneY-Nuismer average 
stress criteria, with an error below 5.3%. Although the Whitney-Nuismer average stress criteria gave 
better predictions than the critical damage growth model, the critical damage growth model is 
preferred as it is not semi-empirical in nature and uses physically meaningful parameters to provide 
notched strength predictions and also provides a predicted critical damage zone length. This shows 
that the critical damage growth model used successfully by Manger (1999) on cross-ply woven 
GFRP's laminates, also provides good. predictions for the notched strength of quasi-isotropic GFRP's. 
Further work is needed to test the critical damage growth model for other materials and lay-ups. In 
Chapter 6, these models are applied to the mechanical data for the CFRP laminates. In the next 
chapter the experimental results of the CFRP laminates are presented. 
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5.1. Introduction 
In this chapter the results of the experimental work carried out on the carbon fibre reinforced laminates 
are presented. As mentioned in chapter 3, PW and 5HS weave laminates were investigated using two 
lay-ups (cross-ply and quasi-isotropic) and three different thicknesses. The structure of the chapter is 
as follows. The basic property data for the carbon fibre reinforced laminates are presented, with an 
emphasis on the data pertinent for the modelling carried out in the next chapter, followed by 
observations relating to the damage growth prior to fracture. Where mechanical property data are 
given, these are usually average values. Appendix A contains the complete data set generated from 
the testing carried out on the carbon fibre reinforced systems. 
5.2. Laminate Thickness and Fibre Volume Fraction Measurements 
The laminate thickness and fibre volume fractions (determined using acid digestion) are shown in 
Table 5.1. The laminate thickness is an overall average for the laminate and the fibre volume fraction 
values given are for an average of three samples for each laminate (Appendix A contains the full 
results of the thickness and fibre volume fraction measurements). It should be noted that the laminate 
thickness varied slightly across each laminate. From the results it is noted that the plain weave 
laminates have a higher fibre volume fraction than the five harness satin laminates, with no significant 
difference between the cross-ply or quasi-isotropic laminates. This is consistent in that the thickness 
of the plain weave laminates is also smaller than that of the five harness satin and this suggests that 
fibre volume fraction here is determined by the laminate thickness. 
Table 5.1. Average Laminate Fibre Volume Fractions 
Laminate Average Laminate Thickness Fibre Volume Fraction 
(mm) (%) 
PX2 0.51 44.3 
PX4 1.03 43.4 
PX8 2.03 44.4 
PQ4 1.02 44.3 
PQ8 2.03 45.0 
PQ12 3.17 42.0 
5X2 0.81 38.8 
5X4 1.60 38.3 
5X8 3.15 39.7 
5Q4 1.53 37.0 
5Q8 3.17 39.4 
SQ12 4.59 39.6 
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5.3. UnDotcbed Laminate Properties 
The stres - train beha iour i considered first. Figures 5.1. and 5.2. show graphs of stress against 
strain (up to a strai n of 0.4%) for the 5X4 and 5Q8 coupons, respectively indicating typical behaviour 
of the CFRP unnotcbed coupons (Appendix A contains the graphs for all the CFRP laminates). In 
figures 5.1. and 5.2 . the initial et of EN calibration data (where the notch had a size of 0 mm) are 
presented along with the unnotched coupon data. 
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For each SEN calibration sample there are three curves which correspond to the three times the sample 
was loaded and unloaded, where only the loading portion of the curve is considered. Even though the 
SEN calibration coupons were end tabbed, it is evident that the curves of stress against strain for the 
coupons shown are consistent, especially between 0.05 % and 0.3 % strain. It should be noted, 
however, that in the calculation of laminate Young's modulus, only the average of the three SEN 
results was taken for each SEN sample, so that each unnotched coupon would carry the same weight. 
The average values of Young's modulus, Poisson's ratio, unnotched strength and strain to failure are 
presented for each laminate in Table 5.2. The values shown are the average and the standard deviation 
for a minimum of three samples tested. Appendix A contains all the results for the quasi-static 
mechanical testing of all the laminates. 
Table 5.2. Mechanical Properties ofUnnotched Coupons 
Laminate Poisson's Ratio - v Strength - 0"0 Young's Modulus - E/ Strain to Failure - sr 
(MPa) (GPa) (%) 
PX2 0.10 481 ± 9.2 50.4 ± 0.6 0.96± 0.02 
PX4 0.09 527± 67 51.4 ± 1.4 1.02 ± 0.13 
PX8 0.08 538 ± 54 53.1 ± 1.8 1.01 ± 0.10 
PQ4 0.35 390 ± 11 37.2 ± OJ 1.05 ± 0.03 
PQ8 0.33 428 ± 14 36.8 ± 0.8 1.16 ± 0.04 
PQ12 0.30 372± 13 35.2 ± 0.8 1.06± 0.04 
5X2 0.08 419±49 45.1 ± 0.8 0.93 ± 0.11 
5X4 0.06 535 ± 14 47.0± 0.8 1.14 ± 0.03 
5X8 0.05 456± 8.4 47.4±0.9 0.94± 0.02 
5Q4 0.30 375 ± 22 34.1 ± 0.3 1.10 ± 0.06 
5Q8 0.32 347 ± 16 33.5 ± 0.8 1.03 ± 0.05 
5Q12 0.32 370± 17 34.8± 0.9 1.07± 0.06 
From the data it can be seen that the longitudinal Young's Modulus remains fairly constant (within 
experimental variation) for each of the main laminate types, namely: the plain weave (PW) cross ply 
laminates; the plain weave quasi-isotropic laminates; the five harness satin (5HS) cross ply laminates; 
and the five harness satin quasi-isotropic laminates. There is a small (5%) increase in Young's 
modulus in the cross-ply laminates with increasing laminate thickness, but there is no significant 
change in modulus due to increasing laminate thickness in the quasi-isotropic laminates. The PW 
laminates show slightly higher Young's modulus values than the 5HS laminates. This is perhaps 
surprising as a 5HS weave laminate is generally considered to be stiffer than an equivalent PW 
laminate, a result of the lower degree of crimp in a 5HS weave fabric (see chapter 2). However, the 
PW laminates have significantly higher fibre volume fractions than the 5HS laminates. This higher 
fibre volume fraction has been attributed to the ability of the PW fabric to nest more tightly together. 
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The Poisson's ratio remains fairly constant in each of the four main laminate types, but with a slight 
decrease in Poisson's ratio with increasing laminate thickness. This trend of higher Poisson's ratios 
for laminates with fewer fabric layers compared to thicker laminates, has also been reported by Naik 
and Shembekar (1992b). 
Some of the laminate strengths and corresponding strain to failures presented display a significantly 
larger amount of experimental variation than others. This is particularly the case for the PX4, PX8 
and 5X2 laminates. In general the PW laminates gave higher values of unnotched strength than the 
5HS weave laminates. As mentioned before, this is unexpected since the PW laminates have a higher 
degree of crimp than the 5HS laminates but can be attributed again to the higher fibre volume fraction 
of the PW laminates. The cross-ply laminates gave higher strength values than the quasi-isotropic 
laminates. This is due to the cross-ply laminates have a higher percentage of 00 plies than the quasi-
isotropic laminates. 
The strain to failure for all laminates, however, seems to be almost constant at roughly 1 %, with the 
strain to failure of the quasi-isotropic laminates being slightly higher than that of the cross-ply 
laminates. These differences in failure strain, however, do lie within the experimental variation. 
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5.4. Notched Laminate Properties 
Experimental values for the strengths of the notched specimens as a function of notch size are 
presented in Table 5.3. The values shown are the average and the standard deviation, for a minimum 
of three samples tested. 
Table 5.3. Strength of Notched Laminates 
Laminate Notch Size - d dIW Ratio Strength - aN 
(nun) ~~ 
PX2 2.5 0.1 317 ± 17 
5 0.2 287 ± 9.6 
10 0.4 185 ± 9.8 
PX4 2.5 0.1 342± 28 
5 0.2 294± 23 
10 0.4 211 ± 7.9 
PX8 2.5 0.1 349 ± 11 
5 0.2 291 ± 5.5 
10 0.4 195 ± 3.3 
20 0.17 188 ± 15 
PQ4 2.5 0.1 273 ± 11 
5 0.2 239± 6.8 
10 0.4 170 ± 13 
PQ8 2.5 0.1 277 ± 14 
5 0.2 234 ± 8.0 
10 0.4 160 ± 5.6 
PQ12 2.5 0.1 254± 5.2 
5 0.2 211 ± 5.7 
10 0.4 156 ± 10 
20 0.17 170 ±4.6 
5X2 2.5 0.1 305 ± 33 
5 0.2 245 ± 37 
10 0.4 187 ± 6.1 
5X4 2.5 0.1 304 ± 14 
5 0.2 268 ± 12 
10 0.4 182 ± 2.0 
5X8 2.5 0.1 306 ± 31 
5 0.2 255 ± 15 
10 0.4 188 ± 8.2 
20 0.17 165 ± 6.2 
5Q4 2.5 0.1 242 ± 8.3 
5 0.2 202 ± 4.7 
10 0.4 155 ± 6.2 
5Q8 2.5 0.1 240± 14 
5 0.2 200 ± 7.9 
10 0.4 142 ± 6.5 
5Q12 2.5 0.1 244±4.0 
5 0.2 214 ± 8.8 
10 0.4 143 ± 3.7 
20 0.17 154 ± 4.7 
The reproducibility of the results for a given laminate, notch size and coupon width is reasonably 
good, but once again (as with the unnotched strength values) some of the notched laminate strengths 
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how large tandard de iation , notabl tho e of the 5X2 (2.5 and 5 nun diameter notches) and the 
5X8 (2.5 mm diameter notch). The PW laminates gave higher notched strength values than the 5HS 
weave laminates, again perhap due to the PW laminates higher fibre volume fractions. The cross ply 
laminates gave higher notched strength values than the quasi-isotropic laminates, attributable again to 
the cro s-pl laminate ha ing a higher percentage of 0° plies. For a given notch size, the notch 
strength i almo t con tant (within e p rimental ariation) with increasing laminate thickness. 
Furthermore, in a gi en laminat the notched trength decreases with increasing notch diameter. 
Following Whitney and Nui mer (1974) thi uggests that a laminate with a larger hole has a lower 
strength becau e the tres concentration i di tributed over a larger volume and it is more likely for an 
inherent flaw to be present within thi volume. 
A graph of normali ed trength again t the ratio of notch ize to coupon width for the plain weave 
CFRP laminates i given in Fig. 5.3., and for the five harnes satin weave CFRP laminates a similar 
plot i hown in Fig. 5.4. ote that the alue for dlW = 0.17 are not shown. 
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Figures 5.3. and 5.4. gi e an indi ation of the pread of the data. Figure 5.3. hows the notched 
trength ratio for all the PW laminat . Th ani noticeable deviations in notched trength ratios are 
tho e of th PX2 and PQ4 laminates. The PX2 how a higher S mm diameter notch strength ratio 
than the other PW laminat and the PQ4 how the high t notched trength ratios for all notch sizes. 
Apart from th ariation ,th beha iour with r peet to laminate thickness and laminate lay-up 
(cro -pi and qua i-i otropi ) i th arne. imilarl figure S.4. hows the notched strength ratios for 
all SH wea e laminat Th r a ignificant deviation in notched strength ratios of the SX4 
laminat which how th low t notched trength ratios for all notch sizes. Apart from 5X4 
laminate, the trend fi rail laminat th arne. 
Th trength ratio data for a gi en notch ize for th PW and the 5H uperimpo e, with the SH data 
having a larger atter than the PW data. 
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5.5. Laminate Toughness 
5.5.1. Effect of End Tabs 
The issue of the effect of end tabs in the experimental results needs to be considered because not all 
the CFRP coupons were end tabbed. The SEN calibration specimens and the fatigue specimens were 
end tabbed , whereas the other specimens were not, as the grip conditions were more demanding and 
reliable testing would not have been possible otherwise. Consequently an investigation was carried 
out to determine if there was any significant difference between the end tabbed specimens and those 
that did not have end tabs. The investigation was carried out on the laminate most likely to produce a 
significant difference, leading to the following considerations. The PW laminates are slightly stiffer 
and stronger than the 5HS laminates; the quasi-isotropic laminates tended to undergo more transverse 
strain due to their higher Poisson's ratio than the cross-ply laminates, which produces stress 
concentrations near the grips as the material is constrained and cannot deform freely; the thicker the 
laminate, the higher was the applied load required to cause failure, hereby increasing the possibility of 
slipping occurring at the grips. Taking these points into account the PQ12 laminate SEN calibration 
specimens were chosen for this investigation. 
Normally a SEN calibration specimen is tested with an incrementally increased notch size, this 
however requires the specimen to be mounted and released from the grips repetitively and if the 
specimen is un-tabbed it will begin to accumulate significant damage in the grip region making 
gripping unreliable after a few tests. For this reason a number of un-tabbed specimens were used to 
generate one un-tabbed SEN calibration curve. Thus the only difference between this investigation 
and a normal SEN calibration study is that two of the SEN calibration specimens were end tabbed and 
a number of un-tabbed specimens were tested to generate an un-tabbed SEN calibration curve. Figure 
5.5. shows the SEN calibration curves for this investigation. 
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From figure 5.5. it can be een that although there i orne e perimental variation, the curves of the 
tabbed pecimen are very imilar to the un-tabbed pecimen. This shows that there is no significant 
difference between the end tabbed pecimen and tho e that did not have end tabs. The PQ 12 laminate 
was cho en a a " wor t ca " (i.e. that mo t likely to produce a significant effect) laminate for this 
tudy and howed no ignificant difti ren e in b ha iour between the end tabbed specimens and tho e 
that were not end tabbed. [t i thu not unrea onable to believe that the difference of having or not 
having end tab will b [ ignificant for the other laminates in this work. Thus the influence of end 
tabs on the results wa found to be negligible and is not considered further. 
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5.5.2. Compliance Calibration and Toughness Data 
Three coupons. referred to a the E calibration specimens, were used for each laminate to 
determine the compliance characteristics. Fig. 5.6. shows the measured compliance calibration curves 
and the average compliance against crack length curve obtained for the PQ4 lamjnate, which shows 
the general trend ob erved with all the laminates (Appendix A contains the compliance calibration 
curve for all the CFRP laminates). Generally there is an increase in experimental variation with 
increa ing E crack length. The equation shown in Fig. 5.6. is the equation for the fourth order 
polynomial which i differentiated and then used in accordance with equation (3.3) to determine the 
critical train energy relea e rate or the laminate toughness. 
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Fig. 5.6. Graph of compliance against crack length for single edge notch specimens. 
For each laminate the toughn mea UTem nt were carried out on 25 mm wide coupons, at three 
crack length (4, 8 and 12 mm) and three pecimen were u ed for each crack length. Table 5.4. 
present the a erage experim ntal alue for the failure load of the notched coupons, the average 
calculated toughn for the given crack I ngth, the overall laminate toughness calculated trom all the 
data and the accompan ing tandard d iation. 
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Table 5.4. Toughness Measurements 
Laminate Crack Length - a Max Load - PMIJ.X Toughness - G c Mean Gc StdDev. 
(mm) (kN) (kJ/m2) (kJ/m2) (kJ/m2) 
PX2 4 2.24 35.4* 
8 1.46 27.6 26.0 3.2 
12 0.91 24.4 
PX4 4 4.74 32.0 
8 2.90 26.1 27.7 5.8 
12 1.96 25.6 
PX8 4 7.97 12.3* 
8 5.17 21.0 22.7 3.4 
12 3.60 24.5 
PQ4 4 4.43 23.6 
8 2.43 17.9 21.6 5.1 
12 1.69 23.4 
PQ8 4 8.24 14.2 
8 5.08 18.2 17.9 3.4 
12 3.21 21.3 
PQ12 4 12.7 21.5 
8 7.30 14.4 18.3 3.7 
12 5.16 19.0 
5X2 4 3.08 24.1 
8 2.12 26.6 28.8 8.5 
12 1.60 35.7 
5X4 4 5.65 17.9 
8 3.56 16.9 20.0 5.2 
12 2.87 25.1 
SX8 4 11.3 17.7 
8 7.23 17.7 17.6 2.0 
12 4.96 17.3 
SQ4 4 6.29 20.0 
8 3.78 18.5 19.2 2.2 
12 2.37 19.1 
SQ8 4 11.9 15.1 
8 7.24 17.9 16.8 2.5 
12 4.55 17.2 
5Q12 4 17.0 7.15* 
8 9.99 14.2 12.9 2.1 
12 6.01 11.6 
• - These values from were excluded from the final Gc calculatIOn. 
In laminates PX2, PX8 and 5Q12 the data collected for the short 4 mm crack lengths was not included 
in the final calculation of toughness as the fourth order polynomial curve for these laminates increased 
significantly at low crack lengths when the behaviour was fairly constant. For this reason the overall 
toughness value for these laminates was calculated without including the toughness of the short 4 mm 
crack lengths. 
In figure 5.7. a graph of laminate toughness against number of layers of fabric reinforcement is 
presented. There are four sets of data on the graph, each one corresponding to the four main laminate 
types namely: the plain weave cross ply laminates (PX); the plain weave quasi-isotropic laminates 
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(PQ); the five harness atin cro ply laminates (5X); and the five harness satin quasi-isotropic 
laminate (5Q). Generally the PW laminates have higher toughness values than the 5HS laminates 
(except for the 5X2 laminate), which may be due to the higher volume fraction of the PW laminates 
compared to the 5HS laminates. The PW laminate shows a general trend of a slight reduction in 
laminate toughnes with increasing number of layers but in each case there is a data point that lies 
outside thi trend and could be due to experimental variation. However, both the 5HS weave 
laminates show a definite reduction in laminate toughness with increasing number of layers, which 
agrees with the ob ervations of Harris and Morris (1984). Harris and Morris (1984) observed similar 
behaviour with non-woven qua i-i otropic and cross-ply carbon /epoxy larmnates, and concluded that 
for the qua i-i otropic laminate , the reduction in toughness with increasing laminate thickness can be 
attributed to the differences in the ub critical damage at the crack tip, which is similar to the effect of 
thickness on the size of the crack-tip pia tic zone in isotropic materials, such as metals. ]n the case of 
eros -ply laminate it can be attributed to longitudinal splits, which can increase the toughness by 
reducing the effect of the tres concentration of the crack. However, it should be noted that the 
standard deviations for the laminate toughness are greater than 10% of the toughness values for the- all 
the lamjnates and it is not clear whether tills will have an effect on the trends observed. 
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The fracture touglmess or the critical stress intensity factor was calculated for each laminate and the 
results are presented in Table 5.5. The fracture toughness, Ke, was calculated from the critical strain 
energy release rate, Ge, Young's modulus, E, and Poisson's ratio, v, using the isotropic relation: 
K-~ e-v~ 
Table 5.5. Fracture Mechanics Properties 
Laminate Touglmess - Ge 
(kJ/m2) 
PX2 26.0 
PX4 27.7 
PX8 22.7 
PQ4 21.6 
PQ8 17.9 
PQ12 18.3 
5X2 28.8 
5X4 20.0 
5X8 17.6 
5Q4 19.2 
5Q8 16.8 
5Q12 12.9 
(5.1) 
Fracture Touglmess- Ke 
MPa.mYa 
36.4 
37.9 
34.9 
30.3 
27.2 
26.6 
36.6 
30.7 
28.9 
26.8 
25.0 
22.4 
The reproducibility of the touglmess results for a given laminate lay-up and fabric type is reasonably 
good. The same trend of decreasing touglmess with increase in number of woven layers (or thickness) 
for all the laminate types is also observed with the fracture touglmess results. 
However, there is a problem in applying equation (5.1) for all the laminates since it assumes that the 
laminates are isotropic in terms of in-plane modulus, which does not hold for the cross-ply laminates. 
Hence, corrections for the orthotropy are required and these require, in turn, measurements for the 
shear modulus, G 11 which are presented in the next section. 
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5.6. Shear Modulus Measurements and Orthotropy Corrections 
The shear modulus was measured for the two types of cross-ply laminates, the plain weave and the 
five harness satin weave laminates. Specimens were cut at an angle of 450 from both the PX8 and the 
5X8 laminates, so that the layers in each coupon would be aligned at ±45°. The thickest laminates 
were chosen as they are more likely to give more reproducible results. Table 5.6. shows the results for 
the shear modulus tests and the average and standard deviation for the overall laminate shear modulus. 
Table 5.6. Shear Modulus Results 
Laminate Shear Modulus G /1 Mean G/1 StdDev. 
GPa GPa GPa 
PX8 4.54 
4.24 
4.18 4.42 0.24 
4.81 
4.51 
4.25 
5X8 3.89 
3.69 
3.73 3.78 0.14 
4.00 
3.78 
3.74 
The PW laminate had a higher shear modulus than the 5HS weave laminate, probably due partly to the 
difference in fibre volume fraction of the PW and 5HS laminates, as shear behaviour is matrix 
dominated. The measured shear moduli were taken to be the value for the laminate type, i.e. the value 
for the PX8 was taken to be the value for all the plain weave cross ply laminates, and similarly the 
5X8 shear modulus was taken to be representative of the five harness satin weave cross ply laminates. 
Equation 5.1 gives an expression for fracture toughness for the case of an isotropic material, but the 
cross-ply laminates are not isotropic (they are orthotropic). The orthotropic expression for 
determining fracture toughness, Ke, from toughness, Ge, is: 
Ke=~d (5.2) 
where a is given by: 
(5.3) 
and the alj parameters are: 
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1 -v2, 0 
E, E2 
-V'2 1 0 (5.4) aij = 
EI E2 
0 0 1 
GI2 
As the orthotropic laminates are balanced cross-ply laminates (with as many 0° plies as 90° plies), the 
longitudinal Young's modulus, E" and transverse Young's modulus, E], will have the same value, and 
similarly longitudinal Poisson's ratio, V/2, will have the same value as the transverse Poisson's ratio, 
V2I. As the value of Young's modulus, E" Poisson's ratio, v,z and shear modulus, G12, have already 
been determined for the cross ply laminates, a can be determined an the fracture toughness values for 
the cross-ply laminates can be found. The data are presented in Table 5.7. 
Table 5.7. Fracture Toughness Results with Orthotropic Corrections. 
Laminate Toughness - Gc a Fracture Toughness- Kc 
(kJ/m2) GPa-1 MPa.mY. 
PX2 26.0 0.03605 26.9 
PX4 27.7 0.03565 27.9 
PX8 27.7 0.03501 25.5 
5X2 28.8 0.04115 26.5 
5X4 20.0 0.04023 22.3 
5X8 17.6 0.04004 21.0 
.. _-". ...... 
These corrected fracture toughness results also seem to follow the trend of decreasing fracture 
toughness with increasing thickness. For both the plain weave and five harness satin weave laminates 
the corrected fracture toughness values (Table 5.7.) are significantly lower (by 25 to 30%) than the 
uncorrected values (Table 5.5.) and are much closer to the value for the corresponding quasi-isotropic 
laminates. 
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5.7. Damage Observations 
5.7.1. Introduction 
Characterizing the damage at the notch tip for the carbon fibre reinforced laminates was not as 
straightforward as in the previous work on glass fibre reinforced laminates, which were transparent 
and hence the damage formed could be viewed directly. Since the CFRP laminates are opaque, it is 
not possible to see the initiation and development of damage and so it becomes difficult to determine 
the time when significant damage has formed without the specimen failing. However, such 
an investigation is important in order to validate the principles behind the analytical model (see 
Chapter 6). A key issue in the damage development is whether or not stable tow fracture proceeds 
from the notch tip before the sample fails catastrophically. 
To investigate this, notched coupons were loaded to just below their nominal failure loads (based on 
the measured average strengths) in an attempt to develop a damage zone, and then the specimens were 
unloaded rapidly. As the coupons are opaque, and subject to material variability this procedure was 
sometimes unsuccessful because specimens would fail at lower loads than expected, and at other times 
they would survive the maximum load without the formation of any significant damage. 
From the samples tested in this way, two quasi-isotropic samples showed visible surface damage after 
unloading. One of the specimens (5Q4-E9) was a 25 mm wide coupon with a 5 mm circular centre 
hole and the other (5Q12-Big H) was a 120 mm wide coupon with a 20 rnm circular centre hole. 
Visible surface damage appeared on 5Q4-E9 and 5Q12-Big H, although only on one side of the notch. 
Figure 5.8. shows front and back photographs of the hole edge of coupon 5Q4-E9 showing the visible 
surface damage. 
Fig. 5.8. Photo of ample 5Q4-E9 after surviving 198 MPa load (note pictures are of one side of hole 
viewed from front and back). 
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Similarly figure 5.9. shows front and back photographs of coupon 5Q12-Big H, again showing visible 
surface damage originating from the hole edge. 
Fig. 5.9. Photo of sample 5Q12-Big H after surviving 148 MPa load (note picture is of one side of 
hole viewed from front and back) 
From figures 5.8. and 5.9. the surface damage to the coupons near the notch edge can be clearly seen. 
On specimen 5Q4-E9 the damage is about 5 mm in length on the front and 4 mm on the back and 
similarly on specimen 5Q12-Big H the damage is about 4.3 mm on the front and 5 mm on the back. 
The next step was to investigate whether there was evidence of fibre tow failure in these regions of 
visible surface damage. 
5.7.2. Scanning Electron Microscopy 
The coupon regions near the hole, which showed the surface damage, were sectioned and the matrix 
was burnt off to expose the reinforcement. Since the carbon fibre reinforcement win decompose in a 
nonnal bum off, the matrix was burned off at 5500 C for 2.5 hours, a combination of temperature and 
time that is not sufficiently high to completely bum off the matrix. It is sufficient, however, to remove 
the majority of the matrix without damaging the carbon fibre reinforcement. After the burn-off, the 
fabric layers were separated carefully, as the exposed carbon fibre reinforcement was rather delicate. 
Each layer was then separately mounted on an SEM stub and gold coated. The exposed reinforcement 
layers were viewed in the SEM using secondary electron imaging mode. Each layer of the 
reinforcem nt wa e amined, using the depth of focus of the SEM to determine the extent of fibre 
damage. 
Coupon 5Q4-E9 has four layers, the first layer being (0/90) orientated, the second (+45/-45), the third 
(-451+45) and the final layer being (0190). Each layer was examined in the SEM and the micrographs 
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shown in figures 5.10. to 5.13. show the images from each layer. Note that each figure contains two 
micrographs, one for either side of the hole. It should be noted that on the micrographs the exposed 
reinforcements are not as "clean" as they were in the previous work on the glass reinforced laminates 
(Chapter 4). This is as result of the burn-off cycle used; the flaky deposits on the reinforcement 
surface are remnants of the resin that was not fully decomposed. 
Figures 5.lOa. and 5.1 Ob. show the first layer which was (0/90) orientated. Here, the 0° tows have 
fractured only up to one tow on the left hand side (Fig. 5.10a.) and up to three tows away from the 
notch edge on the right hand side(Fig. 5.10b.). The right hand side micrographs correspond to the side 
of the coupon that had the visible surface damage. 
Fig. 5.l0a. Secondary electron micrograph showing damage on the left hand side of a 5 mm circular 
centre notch, ill the first reinforcement layer, a (0/90) layer. 
Fig. 5. lOb. Secondary electron micrograph showing damage on the right hand side of a 5 mm 
circular centre notch, ill the first reinforcement layer, a (0/90) layer. 
Fig. 5.11. shows the second (+45/-45) layer. Although none of the 45° tows are fully fractured there is 
evidence of considerable damage to one tow on the right hand side of the notch, corresponding to the 
side of the coupon that had the visible surface damage. 
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Fig. 5.11. Secondary electron micrograph showing damage adjacent to a 5 mm circular centre notch 
in the second reinforcement layer, a (-451+45) layer (note damage to tow on same side as the 
damage). 
Fig. 5.12. shows the third layer (+45/-45). None of the 45° tows are fractured and there is little or no 
evidence of individual fibre fractures. 
Fig. 5.12. Secondary electron micrograph showing damage adjacent to a 5 mm circular centre notch 
in the third reinforcement layer, a (+451-45) layer (note no damage). 
Figures 5.13a. and 5.13b. show the fourth layer (0/90). No tows appear to have fractured on the left 
hand side (Fig. 5.13a.) while on the right hand side 0° tows have fractured up to three tows away from 
the notch edge (Fig. 5. 13b.). 
Fig. 5.13a. Secondary electron micrograph showing damage on the left hand side of a 5 mm circular 
centre notch in the fourth reinforcement layer, a (0190) layer. 
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Fig. 5.13b. Secondary electron micrograph showing damage on the right hand side of a 5 mm 
circular centre notch in the fourth reinforcement layer, a (0/90) layer. 
Similarly with the 5Q12-Big H coupon, the fabric layers were separated giving twelve layers, the first 
layer being (0/90) orientated, the second (+45/45), the third (45/+45) and the fourth layer being 
(0/90) orientated. This sequence is repeated three more times to make up the twelve layers. Although 
each layer was examined in a SEM, only representative layers will be shown. Each figure contains a 
micrograph for one edge of the hole. 
In figures 5.14. to Fig. 5.16. the fourth, eighth and ninth reinforcement layers are shown, which are all 
(0/90) orientated where the 0° orientated tows have fractured up to five tows away from the notch 
edge. 
Fig. 5.14. Secondary electron micrograph showing damage adjacent to a 20 mm circular centre notch 
in the fourth reinforcement layer, a (0/90) layer. 
Fig. 5.15. Secondary electron micrograph showing damage adjacent to a 20 mm circular centre notch 
;n the eight reinforcement layer, a (0/90) layer. 
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Fig. 5. J 6. Secondary electron micrograph showing damage adjacent to a 20 mm circular centre notch 
in the ninth reinforcement layer, a (0/90) layer. 
In Fig. 5.17. and Fig. 5.18. the seventh and tenth reinforcement layers are shown, which are (-45/+45) 
and (+45/-45) orientated; there is no evidence of fibre tow failure near the notch edge. 
Fig. 5. J 7. Secondary electron micrograph showing damage adjacent to a 20 mm circular centre notch 
in the seventh reinforcement layer, a (-45/+45) layer. 
Fig. 5. J 8. Secondary electron micrograph showing damage adjacent to a 20 mm circular centre notch 
ill the tentlz reinforcement layer, a (+45/-45) layer. 
One noticeable difference between the carbon fibre reinforced material and the glass fibre reinforced 
material of Chapter 4 is that the carbon fibre tow \vidth is - 1.7 mm which is two to three times the 
width of the gla fibre tow width (which is - 0.5 mm). Tow fracture for the thicker tows is a more 
100 
CHAPTER 5. CFRP EXPERIMENTAL REsULTS 
catastrophic event with greater (dynamic) load redistribution than tow fracture for thinner or smaller 
size tows. This may explain why there was a greater difficulty in obtaining a CFRP sample with 
damage before it failed. 
s.s. Concluding Remarks 
A comprehensive set of mechanical property data (stiffness, unnotched strength, Poisson's ratio, 
notched strength, shear modulus and toughness) has been obtained for PW and 5HS weave CFRP 
laminates. Moreover experimental observations have produced evidence that damage growth in 
notched samples prior to failure is localised, suggesting that the damage propagates in a self-similar 
manner up to catastrophic failure. The damage zone adjacent to the notch was shown to contain 0° 
fibre tow fracture and tow fractures up to five tows away from the notch edge were observed. Such 
observations of tow fracture are similar to the observations made in Chapter 4 for the woven quasi-
isotropic GFRP laminates. 
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6.1. Introduction 
As with the work on the glass reinforced material described in chapter 4, the models considered in the 
present chapter for the CFRP notched strength results were the Whitney-Nuismer point and average 
stress criteria (WN PSC and WN ASC) and a critical damage growth model (COG). The models are 
explained in detail in the literature review in Chapter 2. The structure of the chapter is follows; first 
the WN PSC, WN ASC and the COO models notched strength predictions are compared with the 
experimental data. The orthotropic considerations for the COG model are then discussed and in the 
last section a parametric study of the COO model is presented. 
6.2. Comparison with Experiment 
6.2.1. Whitney Nuismer Failure Criterion 
The PSC characteristic distance, do, and ASC characteristic distance, ao, for the various notch sizes 
were calculated from the average notch strength for a particular notch size. For the cross-ply 
laminates, the PSC and ASC models were implemented using the orthotropic stress distributions 
(equations 2.19 and 2.23 respectively), whilst for the quasi-isotropic laminates the PSC and ASC were 
implemented using the isotropic stress distributions (equations 2.15 and 2.21 respectively). 
According to Whitney and Nuismer (1974), the characteristic distance is constant for a given weave 
architecture and lay-up. For each laminate an average PSC characteristic distance and an average 
ASC characteristic distance were calculated for the 25 rom wide coupons; these average characteristic 
distances were then used to predict the notched strengths. It should be noted that in the case of the 
data sets for coupons with large holes (pX8, PQI2, 5X8 and 5Q12) the PSC and ASC characteristic 
distances for the 120 rom wide coupons were calculated from the average characteristic distances over 
both the 2S mm and 120 mm coupons. On the other hand, the PSC and ASC characteristic distances 
for the 25 rom wide coupons were calculated from the average characteristic distances for the 25 rom 
coupons only. This method improves the WN strength predictions as the fitted parameter, the 
characteristic distance, for the 120 rom wide coupons was included with the previously calculated fitted 
parameters. The dashed lines in Table 6.1. indicate where this procedure has been followed. 
The results of the Whitney-Nuismer (WN) models are presented in Table 6.1. The characteristic 
distances shown are the average characteristic distances used to predict the notched strengths, together 
with the average experimental notched strengths. Tables showing the full details of the data for the 
WN PSC and ASC are presented in Appendix B. 
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Table 6.1. Notched Strength Predictions According to the Point and Average Stress Criteria 
Laminate Notch Ratio Experimental PSC ASC 
Size 
a dIW Strength - UN do UN Prediction Error ao UN Prediction Error 
(nun) (MPa) (nun) (MPa) (%) (mm) (MPa) (%) 
PX2 1.25 0.1 317 334 -5.43 340 -7.33 
2.5 0.2 287 0.75 252 12.2 2.55 274 4.56 
5 0.4 185 175 5.33 193 -4.54 
PX4 1.25 0.1 342 362 -5.86 368 -7.50 
2.5 0.2 294 0.73 274 6.80 2.43 296 -0.80 
5 0.4 211 190 9.92 209 1.14 
PX8 1.25 0.1 349 355 -1.52 362 -3.79 
2.5 0.2 291 0.65 269 7.58 2.11 290 0.08 
5 0.4 195 189 2.63 206 -6.04 
10 0.17 188 0.75 204 -8.11 2.22 -i15 -13.9 
PQ4 1.25 0.1 273 306 -12.2 287 -5.33 
2.5 0.2 239 1.11 235 1.82 3.09 234 2.17 
5 0.4 170 158 6.97 165 3.01 
PQ8 1.25 0.1 277 299 -8.04 284 -2.42 
2.5 0.2 234 0.76 226 3.60 1.97 227 3.27 
5 0.4 160 157 2.07 162 -0.92 
PQ12 1.25 0.1 254 280 -10.1 263 -3.50 
2.5 0.2 211 0.96 213 -0.86 2.58 213 -0.63 
5 0.4 156 145 7.10 150 3.72 
10 0.17 170 1.18 153 10.2 3.00 157 7.54 
5X2 1.25 0.1 305 309 -1.14 313 -2.67 
2.5 0.2 245 0.89 234 4.43 3.29 256 -4.61 
5 0.4 187 160 14.7 180 3.81 
5X4 1.25 0.1 304 331 -8.89 337 -10.9 
2.5 0.2 268 0.54 253 5.43 1.62 269 -0.57 
5 0.4 182 182 0.33 194 -6.11 
5X8 1.25 0.1 306 316 -2.96 322 -5.07 
2.5 0.2 255 0.79 239 6.52 2.81 261 -2.25 
5 0.4 188 165 12.4 184 2.23 
10 0.17 165 0.89 174 -5.38 2.86 187 -13.2 
5Q4 1.25 0.1 242 273 -12.7 257 -5.81 
2.5 0.2 202 0.86 207 -2.35 2.23 206 -1.90 
5 0.4 155 142 8.44 146 5.78 
5Q8 1.25 0.1 240 260 -8.33 245 -2.08 
2.5 0.2 200 0.95 198 0.85 2.57 198 0.77 
5 0.4 142 135 5.03 140 1.36 
5Q12 1.25 0.1 244 268 -9.85 254 -3.85 
2.5 0.2 214 0.85 203 5.09 2.26 204 4.80 
5 0.4 143 140 2.09 145 -1.37 
10 0.17 154 0.96 146 5.27 2.39 150 2.80 
Figures 6.1. and 6.2. show typical plots comparing the WN PSC and ASC notched strength predictions 
with the experimental data, for the PQ4 and 5X8 laminates respectively. In Appendix B similar 
graphs can be found for all the laminates. It can be seen that the ASC gives a better fit to the data than 
the PSC, but both give acceptable predictions for the experimental data. 
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The characteristic distances calculated for the WN models for each notch size can give an indication of 
the relative notch sensitivity of the laminates. The smaller the characteristic distance, the more notch 
sensitive the laminate tends to be. The characteristic distances presented in Table 6.1. are the average 
characteristic distances for a given laminate, the characteristic distances for all the laminates at each 
notch size are presented in Appendix B, tables B.1 and B.2. It is noted that, with a few exceptions, the 
characteristic distances for both the PSC and ASC increased with increasing notch size and this 
behaviour has been found in other studies (Karlak, 1977, Awerbuch and Madhukar 1985). 
The predicted WN notched strengths shown here follow the same trends as seen for the notched 
strength data, as discussed in the previous chapter. As reported by other workers (e.g. Awerbuch and 
Madhukar 1985), the WN models provided good notched strength predictions for all the laminates 
investigated. The ASC resulted in more accurate predictions than the PSC for all laminates 
investigated with an average error of 4.1 % when compared with the experimental data. The PSC 
predictions had an average error of 6.3% when compared with the experimental data. Although the 
WN failure criteria provided good notched strength predictions, it was, of course, necessary to find the 
model characteristic distances for each laminate and it is well documented that the characteristic 
distances for the WN failure criteria need to be re-evaluated for each new laminate type investigated. 
Overall, it can be said that the accurate notched strength predictions of the WN failure criteria for all 
the laminates investigated were expected due to the curve fitting nature of the models. 
6.2.2. Critical Damage Growth Model 
The unnotched strength and fracture toughness were used in the critical damage growth (CDG) model 
to predict the strength of the notched coupons. It should be noted that all the laminates were initially 
treated as isotropic; orthotropic considerations are discussed in the next section. 
The results from the COO model are presented in Table 6.2. along with the average experimental 
notched strengths. The complete set of results for the COG modelling are shown in Appendix B Table 
B.3. 
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Table 6.2. CDG Model Notched Strength Predictions 
Laminate Notch Width Ratio Experimental CDG 
Size 
a W dIW Strength - UN Damage Zone Length Co UN Prediction Error 
(mm) (mm) (MPat (mm) (MPa) (%) 
PX2 1.25 25 0.1 317 2.41 335 -5.87 
2.5 25 0.2 287 2.55 274 4.51 
5 25 0.4 185 2.96 201 -8.63 
PX4 1.25 25 0.1 342 2.21 359 -5.05 
2.5 25 0.2 294 2.31 292 0.53 
5 25 0.4 211 2.65 214 -1.10 
PX8 1.25 25 0.1 349 1.83 349 -0.07 
2.5 25 0.2 291 1.86 280 3.52 
5 25 0.4 195 2.08 206 ~~ - ------10 120 0.17 188 1.34 199 -5.81 
PQ4 1.25 25 0.1 273 2.53 275 -0.74 
2.5 25 0.2 239 2.70 226 5.65 
5 25 0.4 170 3.14 165 2.58 
PQ8 1.25 25 0.1 277 1.75 275 0.58 
2.5 25 0.2 234 1.77 220 6.05 
5 25 0.4 160 1.98 162 -1.09 
PQ12 1.25 25 0.1 254 2.18 253 0.66 
2.5 25 0.2 211 2.28 205 2.81 
5 25 0.4 156 2.60 150 3.59 
-
10 120 0.17 170 1.69 142 16.4 
5X2 1.25 25 0.1 305 3.02 308 -0.81 
2.5 25 0.2 245 3.27 256 -4.49 
5 25 0.4 187 3.86 188 -0.50 
5X4 1.25 25 0.1 304 1.40 326 -7.35 
2.5 25 0.2 268 1.44 259 3.31 
5 25 0.4 182 1.55 192 -5.12 
5X8 1.25 25 0.1 306 1.83 290 5.44 
2.5 25 0.2 255 1.85 233 8.87 
5 25 0.4 188 2.08 171 9.35 
10 120 0.17 165 1.34 165 -0.28 
5Q4 1.25 25 0.1 242 2.18 255 -5.20 
2.5 25 0.2 202 2.28 207 -2.50 
5 25 0.4 155 2.60 152 2.10 
5Q8 1.25 2S 0.1 240 2.22 237 1.44 
2.5 25 0.2 200 2.32 193 3.45 
5 25 0.4 142 2.65 141 0.56 
5Q12 1.25 25 0.1 244 1.61 232 4.98 
2.5 25 0.2 214 1.59 185 13.7 
5 25 0.4 143 1.76 137 4.45 
10 120 0.17 154 1.14 135 12.5 
Figures 6.3. and 6.4. show typical plots of the COO model of notched strength predictions in 
comparison with the experimental data, again for the PQ4 and 5X8 laminates respectively. As before 
in Appendix B similar graphs can be found for all the laminates. 
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The derived critical damage zone length increased with increasing notch or hole size for all laminates 
although there appears to be no trend of critical damage zone length with increasing laminate 
thickness for a given dJW ratio. In some laminates the values for critical damage zone length of the 
COO model were not too dissimilar to the derived ASC characteristic distance, although the 
experimental damage zones seen were larger (see section 5.7.). 
In the same laminate the derived critical damage zone lengths for the 20 mm diameter holes in 120 
mm wide specimens were always significantly smaller than the derived critical damage zone lengths 
for 2.5,5 and 10 mm diameter holes in 25 mm wide specimens. Similarly the notched strength for the 
20 mm diameter holes in 120 mm wide specimens were lower than the notched strength for 2.5,5 and 
10 mm diameter holes in 25 mm wide specimens. As the 120 mm wide specimens had the largest hole 
sizes investigated (20 mm diameter holes), this trend is attributable to the effect of hole size on the 
stress distribution. Whitney and Nuismer (1974) suggested that a plate with a larger hole would have 
a lower strength as the stress concentration is distributed over a larger area and it is more likely for an 
inherent flaw to be present within this stress concentration. It was also postulated that a smaller notch 
would allow the stress to be redistributed more effectively, resulting in a higher average notched 
strength. 
The predicted COO notched strengths shown here follow the same trends as seen for the notched 
strength data. The prediction of notched strength for all sample configurations is very good with the 
predictions having an average error of 4.4% as compared with the experimental data. Considering that 
the COO model is not a fitted model, unlike the Whitney Nuismer PSC and ASC, it produced good 
predictions of notched strength. 
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6.3. Orthotroplc Considerations for the CDG Model 
In the COO model analysis presented in the previous section, the strength predictions were calculated 
for all laminates assuming an isotropic material. For half of the laminates investigated, this is 
acceptable as they are quasi-isotropic materials, but the other half of the laminates are cross-ply lay-
ups and should be considered as orthotropic materials. In order to take into account the effect of the 
anisotropy of these cross-ply laminates, the analysis should be considered for the orthotropic case. 
As the COO model is a competing mechanisms approach, balancing crack growth against catastrophic 
crack propagation, each mechanism has to be considered in the orthotropic case individually. For the 
crack growth mechanism, the average stress expression used (i.e. the WN ASC expression for 
describing the stress required to grow the damage zone or crack) can be considered in the orthotropic 
case with the appropriate corrections to the expression, as in the Whitney Nuismer average stress 
criterion. These corrections can be applied without too much difficulty. The stress concentration 
factor requires the additional laminate properties of Poisson's ratio and shear modulus in order to 
complete the average stress argument. So the orthotropic corrections to the crack growth part of the 
COO model can be applied, with the same additional laminate property infonnation required for the 
WN modelling. 
With the fracture mechanics part of the model, i.e. the catastrophic crack propagation mechanism, 
there are also factors that need to be considered and modified. The first consideration must be the 
fracture toughness or critical stress intensity factor which was derived from the toughness or critical 
strain energy release rate. To account for the orthotropy the fracture toughness needs to be derived 
from the toughness as for an orthotropic material. Then, the fmite width correction factor for a crack 
emanating from a hole and the circular hole correction factor would also need to be modified for the 
orthotropic case; unfortunately these correction factors are only available for the isotropic case (Soutis 
et al. (1991) and Tada et al. (1985». This means that in the fracture mechanics part of the model only 
the fracture toughness can be modified appropriately for the orthotropic case, whilst the finite width 
and circular hole correction factors are only available for the isotropic case. Hence it can be said that 
the crack propagation model can only be made partially orthotropic. 
This is not an ideal situation, where one part of the model can be modified for the orthotropic case but 
the other cannot. The question then becomes: what effect do the orthotropic corrections have on the 
outcomes of the COO model? To investigate this question the data for one of the orthotropic 
laminates was considered in the COO model, considering both the isotropic and orthotropic cases. 
Figures 6.5. to 6.7. shows the resultant graphs of stress against damage zone size, showing the effect 
of the orthotropic corrections for both parts of the COO model for the 5X8 laminate data. It should be 
recalled that the point where the fracture mechanics curve intersects the crack growth curve gives the 
110 
CHAPTER 6. CFRP MODELLI G 
CDG model prediction for both notched strength and critical damage zone length. Figure 6.5. , 6.6. 
and 6.7. how the result for the 2.5 mm, 5 mm and IOmm circular centre holes in 25 mm wide 
specimens, respectively. 
In figure 6.5. to 6.7. there are 4 curves; the " Fracture Mechanics (Isotropic)", coloured dark blue, is 
the curve for the fracture mechanic part of the CDG model for the isotropic case. The "Crack Growth 
(Isotropic)", coloured red i the curve for the crack growth part of the CDG model for the isotropic 
case. The ' Fracture Mechanics (Partially Orthotropic)", coloured light blue, is for the fracture 
mechanics part of the CDG model for a partially orthotropic case, where the fracture toughness is for 
an orthotropic material but the finite width correction factor and circular hole correction factor are for 
the isotropic ca e. Finally the "Crack Growth (Orthotropic)", coloured magenta, is the curve for the 
crack growth part of the CDG model for the orthotropic case. 
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From figures 6.5.,6.6. and 6.7. it can be seen that the effect of the orthotropic correction on the crack 
growth part of the model is a drop in stress at small damage zone sizes which diminishes with 
increasing damage zone size until the orthotropic curve follows the isotropic curve. The effect on the 
crack growth curve has the same percentage reduction for each notch size. With the fracture 
mechanics mechanism there is an effective overall drop in stress for the partially orthotropic curve, 
and this reduction in stress is more pronounced at small notch sizes and reduces slightly with 
increasing notch size. 
It is reasonable to conclude from these graphs that the orthotropic corrections on the crack growth part 
of the model will only have a small effect on the predicted notched strength results and critical damage 
zone length in comparison with the larger effect of the orthotropic corrections on the fracture 
mechanics part of the model. It should be noted once again that in the fracture mechanics part, two 
isotropic correction factors are used because there are no available expressions for the orthotropic 
case. 
Table 6.3. Notched Strength Predictions for COO Model with Orthotropic Corrections 
Laminate Notch Width Ratio Experimental CDG 
Size 
a W d/W Strength - UN Damage Zone Length Co UN Prediction Error 
(mm) (mm) (MPa) (mm) ~ (%) 
PX2 1.25 25 0.1 317 1.39 288 9.06 
2.5 25 0.2 287 1.45 225 21.7 
5 25 0.4 185 1.83 162 12.2 
PX4 1.25 25 0.1 342 1.25 306 10.7 
2.5 25 0.2 294 1.31 237 19.3 
S 25 0.4 211 1.67 171 18.9 
PX8 1.25 25 0.1 349 1.01 291 16.7 
2.5 25 0.2 291 1.07 224 22.9 
5 25 0.4 195 1.38 163 16.2 
5X2 1.25 25 0.1 305 1.75 268 12.1 
2.5 25 0.2 245 1.85 213 13.1 
5 25 0.4 187 2.30 153 18.2 
5X4 1.25 25 0.1 304 0.78 265 12.8 
2.5 25 0.2 268 0.84 204 23.8 
5 25 0.4 182 1.11 150 17.9 
5X8 1.25 25 0.1 306 0.99 240 21.7 
2.5 25 0.2 255 1.05 185 27.7 
S 2S 0.4 188 1.37 134 28.7 
Presented in Table 6.3. are the results of COG model with orthotropic corrections for the cross-ply 
laminates. It can be clearly seen that the notched strength predictions of the CDG model with these 
orthotropic corrections are poor, although conservative. However it must be remembered that these 
results are heavily influenced by the fracture mechanics part of the model that does not include the 
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appropriate orthotropic modifications to the correction factors. If it were possible to obtain these 
correction factors in the orthotropic case this effect might be "corrected" enough to allow the CDG 
model to produce good results for the orthotropic case. 
The question now arises: without the appropriate correction factors, how should the CDG model be 
applied to the orthotropic laminates? It appears that the consequence ofthe missing correction factors 
is that the model produces very poor notched strength predictions, with an average error of 18.0% with 
a standard deviation of S. 7%. One option is to use the isotropic expressions in the fracture mechanics 
part of the model and use orthotropic corrections in the crack growth part of the model. However, it is 
difficult to justify why one part of the model should be for the orthotropic case and the other for the 
isotropic case. A better alternative is to use the isotropic expressions in both parts of the model, which 
as shown in the previous section, produces very good predictions for orthotropic laminates. It remains 
to be confirmed, that when the correct orthotropic expressions are available for both parts of the 
model, similarly good predictions would be produced. 
6.4. Parametric Study 
A parametric study was carried out to investigate the effect on the CDG model of variations in the 
unnotched strength and fracture toughness values. This investigation was achieved by varying the 
input parameters for both parts of the COO model by 10%. For the crack growth part of the model, 
the input parameter is the unnotched strength of the laminate, whilst for the fracture mechanics part, 
the input parameter is the fracture toughness of the laminate. The parameters were increased and 
decreased by t 0%, and then the COO modelling was carried out for each possible combination. 
Hence the COO model was executed nine times for each notch size. The parametric study was limited 
to the six quasi-isotropic laminates (which are isotropic) and the 2.S, S and 10 rnm circular centre 
notches. 
Table 6.4. shows a typical example of the results generated by the parametric study; the data presented 
in Table 6.4. are for the SQ4 laminate. The data for all the parametric studies carried out are shown in 
Appendix B. The tabulated COO predictions are best viewed as a 3 by 3 matrix, in which moving to 
the right from colunm to colunm, the fracture toughness is changed by increments of 10%. In other 
words, in the leftmost colunm, the fracture toughness is reduced by t 0%, in the middle column it is 
unaffected (as measured), and in the rightmost colunm, it is increased by 10%. Similarly, going down 
the rows the unnotched strength is changed in increments of 10%, so that in the top row it is reduced 
by loo;", in the middle row it is unaffected (as measured), and in the bottom row it is increased by 
tOO;". Hence, in the centre of the matrix (middle row and middle column) the unmodified predictions 
for the COO notched strength can be found. 
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Table 6.4 . Result of the Parametric tudy for the 5Q4 Laminate. Exp. CYN is the experimentally 
determined notch d trength, Co i the critical damage zone length as predicted by the COG model, and 
CYN Pred. is the CDG model predicted notched strength. 
Laminate Ratio Exp. COG Model Results 
d/W CYAJ Co <Jv Pred. Error Co CYN Pred. Error Co CYN Pred. Error 
(MPa) (mm) (MPa) (%) (mm) (MPa) (%) (mm) (MPa) (%) 
F\f -10°o & CG -10°'0 FM & CG -10% FM + 1 0% & CG -10% 
5Q4 0. 1 _4_ 2.18 230 5.32 2.62 240 0.99 3.09 249 -2.70 
0.2 202 _ ."- 1 6 7.75 2.81 198 2.23 3.35 207 -2.59 
0.4 155 2.60 137 11.9 3.26 145 6.41 3.94 153 1.38 
F\1 -10°0 & CG FM&CG FM+IO%&CG 
0. 1 242 1.80 243 -0.12 2.18 255 -5 .20 2.58 266 -9.56 
0.2 202 1.82 195 3.71 2.28 207 -2.50 2.75 218 -8.05 
0.4 155 2.04 143 7.82 2 .60 152 2. 10 3.19 160 -3.41 
F\1 -10°'0 & CG . 10°'0 FM & CG +10°/0 FM +10%& CG+10% 
0. 1 242 1.49 254 -4.85 1.83 268 -10.7 2.18 281 -15 .7 
0.2 202 1.46 202 0.16 1.86 2 15 -6 .57 2.28 228 -12 .8 
0.4 155 1.62 149 3.70 2 .08 158 -1.97 2.60 167 -7.69 
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Figure 6.8., 6.9. and 6.10. present the results of the parametric study graphically for the SQ4laminate 
with 2.S mm, 5 mm and 10 mm circular centre holes, respectively. The graphs for the other laminates 
can be found in Appendix B. 
The trends of the results shown in figures 6.8. to 6.10. were also observed with the other laminates. 
The striking result is that, in the worst case when both the fracture toughness and unnotched strength 
are increased by 10%, the change in the predicted notch strength is also only about 10% compared to 
the unmodified prediction. This trend was observed for all notch sizes and laminates investigated. 
When the parameters were varied by opposite amounts (so the fracture toughness was increased by 
10% and the unnotched strength was decreased by 10%) the predictions for notched strength were 
almost identical to the initial predictions for notched strength obtained by the unmodified parameters. 
When only one parameter (fracture toughness or unnotched strength) is modified in this way the 
resultant prediction shows an increase of - 5%. So a 10% uncertainty in either the fracture toughness 
or unnotched strength only alters the models prediction for the notched strength by about 5%. The 
changes in the damage zone size, as shown in figures 6.8. to 6.10. are however, much larger. 
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6.S. Concluding Remarks 
The well-known Whitney-Nuismer point and average stress criteria models and the critical damage 
growth model have been applied to mechanical test data for CFRP laminates based on woven 
reinforcement. The Whitney-Nuismer average stress criterion gave the most accurate notched strength 
predictions, with an average error of 4.1 % over all notch sizes and laminate configurations and the 
point stress criterion gave predictions with an average error of 7.8% over all notch sizes and laminate 
configurations. On the other hand, the critical damage growth model gave predictions which were 
almost as good as the Whitney-Nuismer average stress criterion, with an average error of 4.4% over all 
notch sizes and laminate configurations. 
Although the Whitney-Nuismer average stress criterion gave slightly better predictions than the 
critical damage growth model, the critical damage growth model is preferred since it is not semi-
empirical in nature and uses physically meaningful parameters to provide notched strength predictions. 
The parametric study carried out by varying the fracture toughness and unnotched strength showed 
that a 10% variation in both parameters gave only a 10% variation in the predicted notch strength. 
The main result to emerge from the present work is that the critical damage growth model has been 
shown to be applicable to CFRP laminates based on woven fabric reinforcement. In particular, the 
damage growth studies suggest that tow fractures develop at the stress concentration before 
catastrophic fracture providing an experimental justification for the model. 
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7.1. Introduction 
The previous chapters have been concerned with the experimental characterisation and modelling of 
the notched strength of woven fabric laminates under quasi-static loading. It has been shown that a 
physically-based damage and fracture model gives reasonable predictions for notched strength 
compared with predictions from the more empirical WN point and average stress criteria models. 
Having validated this approach under quasi-static loading, it is then logical to look at the behaviour of 
notched laminates under fatigue loading, in particular to examine whether the physically-based model 
assists in interpreting fatigue data. 
This chapter presents the results of this fatigue study. Previous work on fatigue of notched woven 
CFRP laminates by Curtis and Moore (1985) (discussed in the literature review) showed an increase in 
residual strength with fatigue cycling, suggesting that there is a notch blunting mechanism in fatigue. 
In the present investigation, similar work to Curtis and Moore was carried out on GFRP as well as 
CFRP laminates. As with the studies of quasi-static loading, the transparent nature of the GFRP 
laminates used in this work facilitates damage observation considerably. 
For the present investigation, the study was limited to three laminates and one notch size (5 mm 
circular centre hole). The material systems investigated were the glass fibre reinforced laminate and 
the 5Q4 and PQ4 carbon fibre reinforced laminates. This choice was made because the GFRP 
laminate was a quasi-isotropic four layer laminate; PQ4 and 5Q4 are quasi-isotropic four layer carbon 
fibre laminates. Hence the difference between the three laminates is the reinforcing fibres, where one 
is glass eight harness satin and the others are carbon five harness satin and carbon plain weave. 
All the specimens were fatigue tested in an Instron 1341 machine with servo-hydraulic grips, at room 
temperature. The tests were carried out on specimens with a 5 mm circular centre hole under load 
control and at a frequency of 10 Hz (sinusoidal loading). The cycling was tension-tension fatigue, 
with a stress ratio of 0.1. The coupons were cycled so that the maximum peak stress was 85% of the 
average notched strength for a 5 mm circular centre hole. The intention was to evaluate the residual 
strength after 5000, 50,000 and 500,000 fatigue cycles. In practice, the GFRP laminates showed 
fatigue failure (although the carbon in general did not) and hence experiments were carried out at 
lower stress levels (75% and 60% of the average notched strength for a 5 mm circular centre hole). 
The structure of this chapter is as follows. First, the results for the GFRP laminates are presented 
together with qualitative and quantitative observations relating to the damage growth observed under 
fatigue loading. Then the CFRP results are presented. This is followed by a discussion and 
concluding remarks. 
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7.2. Glass 
7.2.1. Glass Reinforced Composite Results 
For the glass fibre reinforced coupons, three different maximum peak stresses were used for the 
fatigue testing. At each peak stress, the minimum stress was modified to keep the stress ratio at 0.1. 
The peak stresses were 85%, 75% and 60% of the average notched strength for a 5 mm circular hole 
and there loadings are designated regimes A, B and C, respectively. 
The reason for the different peak loads for the GFRP coupons is that when the first specimen was 
fatigue tested at 85% it failed after just 6028 cycles. This suggested, perhaps not surprisingly, that the 
GFRP samples at this stress level were experiencing a fatigue failure rather than the notch blunting 
and increase in residual strength reported in the literature for CFRP. To check this hypothesis three 
unnotched coupons were fatigue tested to failure with a peak fatigue stress equal to 55% of the 
unnotched strength. A peak stress of 55% of the unnotched strength gives a maximum stress of -160 
MPa in the fatigue cycle. This is equivalent to the stress carried by the effective cross-section of the 
notched coupon with a peak fatigue stress of 85% of the average notched strength and a 5 mm circular 
centre hole. This means that carrying out the fatigue tests on the unnotched coupon at a maximum 
peak stress 55% of the unnotched strength, can be viewed as equivalent to carrying out fatigue tests of 
notched coupons at 85% of their strength, but without the effect of the notch. 
The three unnotched coupons tested at 55% of the unnotched strength failed at around 100,000 cycles. 
This shows that the GRFP had definite S-N curve behaviour and the notched samples would have 
failed due to fatigue on the basis of the net-section stress; this failure was simply exacerbated by the 
presence of a notch, so that the coupon failed at a lower number of cycles. 
Presented in Table 7.1. are the results of the fatigue tests that were carried out on the GFRP coupons. 
All the notched specimens failed through the notch, after showing broadly similar damage morphology 
to that seen for the GFRP under quasi-static tensile testing. 
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Table 7.1. Fatigue Test Results for the GFRP Laminate 
Regime Specimen Notch Size -d Cycles to Failure - N 
{nun) 
A 11 5 6028 
B 12 5 40,484 
14 5 17,172 
15 5 15,091 
17 5 11,002 
19 5 10,304 
C 13 5 319,154 
16 5 154,512 
H4 5 212,262 
H5 5 195,872 
Unnotched G5 0 80,592 
G3 0 109,692 
G4 0 104,104 
The results in Table 7.1. show that whist the number of cycles to failure show some scatter there is 
reasonable consistency for the number of cycles to failure in each of the loading regimes. 
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7.2.2. Damage Ob ervations 
7.2.2.1. Ill-situ Plan View Damage Observations 
Coupon 18 was fatigued at a peak fatigue stress which was 60% of the average notched strength 
(Regime C) and the test was terminated after 200,000 cycles (which is about 90% of the average 
number of cycles to failure for these conditions). During the fatigue testing of this coupon, plan view 
photographs were taken at regular intervals to show the development of the damage up to 200,000 
cycles and figures 7.1. to 7.12. provide a sequence of in-situ plan view photographs showing the 
damage development. 
Fig. 7.1. In-situ photograph showing Coupon 18 (containing a 5 mm circular centre hole) at zero 
cycles. 
Fig. 7.2. In-situ photograph showing Coupon 18 at 500 cycles. 
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Fig. 7.3. In-situ photograph showing CouponI8 at 1500 cycles. 
Fig. 7.4. In-situ photograph showing Coupon 18 at 7500 cycles. 
Fig. 7. 5. In-situ photograph showing Coupon 18 at 20,000 cycles. 
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Fig. 7.6. In-situ photograph showing Coupon 18 at 35,000 cycles. 
Fig. 7.7. Ill-situ photograph showing Coupon 18 at 55,000 cycles. 
Fig. 7.8. In-situ photograph showing Coupon 18 at 110,000 cycles. 
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Fig. 7. 9. In-situ photograph showing Coupon 18 at 135,000 cycles. 
Fig. 7.10. Ill-situ photograph showing Coupon 18 at 150,000 cycles. 
Fig. 7.11. Ill-situ photograph showing Coupon 18 at 170,000 cycles. 
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Fig. 7.12. In-situ photograph showing Coupon 18 at 200,000 cycles. 
The sequence of damage development under fatigue loading, shown in figures 7.1. to 7.12., is very 
similar to the damage development that was observed for the quasi-static tensile testing (shown in 
Chapter 4). From the sequence it can be seen that the damage begins with matrix cracking near the 
notch which gradually increases in density with the increasing number of cycles. The matrix cracking 
spreads on both sides of the hole, though it is more intense near the hole, with evidence of cracking at 
±45° as well as at 90°. After about lOO,OOO fatigue cycles, a particularly intense region of damage 
forms at both notch edges. This intense region of damage, which can be described as a damage zone, 
is comprised of a ery high density of matrix cracking, together with delamination and 0° fibre failure 
(see section 7.2.2.2.). As with the quasi-static tensile tests, the damage zone initially propagates stably 
so that by 200,000 cycles, its length on each side of the hole is about a quarter of the coupon width. 
Eventually (as ob erved with other coupons) it would reach a critical length and then propagate 
catastrophically to failure. The main difference between the quasi-static and cyclic damage zone 
development is that the width and length of the damage zone formed under fatigue are both larger than 
for quasi-static tensile testing. 
From video records of the fatigue tests the "critical damage zone" dimensions were measured using 
the same simple r ctangle model used in Chapter 4 (see Fig. 4.16.). The results of the measurements 
of the dimension of the critical damage zone are shown in Table 7.2., together with the average 
critical damage zone mea urements obtained for quasi-static loading, which have been included for 
compan on. Th table hov that the length of the critical damage zones under fatigue were two to 
three time longer than tho een under quasi-static loading. In addition, a lower peak fatigue stress 
produced a longer damage zone. 
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Table 7.2. Dimensions of the Critical Damage Zone Developed Under Fatigue Loading. 
Regime Coupon W d W. Wr I. lr Peak Stress 
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) 
B 14 25.1 5 3.4 3.7 5.0 5.4 113 
(Fatigue) 15 25.1 5 3.1 3.2 4.4 5.1 113 
17 25.1 5 3.8 3.3 4.9 5.2 113 
19 25.1 5 3.4 3.5 4.2 5.3 113 
C 16 25.2 5 3.7 4.0 6.3 6.6 90.4 
(Fatigue) H4 25.2 5 4.1 3.9 6.9 6.2 90.4 
H5 25.1 5 3.3 4.1 6.2 6.9 90.4 
Quasi-Static Average 25.0 5 1.6 1.7 1.9 2.0 147 
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7.2.2.2. Scanning Electron Microscopy 
After the fatigue loading on coupon 18 was completed (at 200000 cycles, Fig. 7.12.), the coupon 
regions near the notch that contained the damage zone were sectioned and the matrix was burnt off to 
expose the reinforcement. The exposed reinforcement was then examined using the SEM so that the 
damage close to the hole could be studied in more detail. The fabric layers were separated giving four 
layers; the first layer was (0/90) orientated, the second (+45/-45), the third (-451+45) and the final 
layer was (9010) orientated. Figures 7.13. to 7.18. show the secondary electron micrographs of the 
fatigue damage adjacent to the 5 mm circular centre hole for each layer. In figures 7.13. and 7.14. 
which show the first layer which was (0/90) orientated, damage and failure of the 0° fibres occurs up 
to nine tows away from the hole edge. The damage and tow fractures observed after fatigue loading 
were not as linear or as co-planar as those seen in the quasi-static loading (see Chapter 4), and 
although there is very clear evidence of 0° fibre failure, it is not always clear that tows have 
completely failed . Figures 7.15 and 7.16 show the second layer and third layers respectively; both the 
±45 layers show signs of damage and even some fibre failure, which was not observed under quasi-
static loading. In both cases, the region of damage in the ±45 layers is not directly adjacent to the hole 
edge but lies about 1 mm away. Figures 7.17. and 7.18. show the fourth layer, which was again (0/90) 
orientated; again there is evidence of damage and failure of the 0° fibres this time up to ten tows away 
from the hole edge. As in the first (0/90) layer the damage to the tows after fatigue loading is not as 
linear or co-planar as it was for the quasi-static loading. Again, there is clear evidence of 0° fibre tow 
failure, but it is not clear whether all the fibres up to ten tows from the hole edge have failed. 
Fig. 7. J 3. Secondary electron micrograph showing fatigue damage on the left side of a 5 mm circular 
centre hole in the first (0/90) layer. 
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Fig. 7.14. Secondary electron micrograph showing fatigue damage on the right side of a 5 mm 
circular centre hole in the first (0/90) layer. 
Fig. 7.15. Secondary electron micrograph showing fatigue damage adjacent to both sides of a 5 mm 
circular centre hole in the second (-45/+45) layer. 
Fig. 7.16. Secondary electron micrograph showing fatigue damage adjacent to both sides of a 5 mm 
circular centre hole in the third (+45/-45) layer. 
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Fig. 7.17. Secondary electron micrograph showing fatigue damage on the left side of a 5 mm circular 
centre hole in the fourth (0/90) layer. 
Fig. 7.18. Secondary electron micrograph showing fatigue damage on the right side of a 5 mm 
circular centre hole in the fourth (0/90) layer. 
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7.2.2.3. Quantitative lnvestigation oftbe GFRP Fatigue Data 
Fig.7. 19. i a plot of th data from Table 7.2., together with the fracture mechanics expression 
(Equation 2.31) from the DG model, which relates fracture stress to damage zone length. From 
Chapter 4 th average e peri mentally measured critical damage zone length for the GFRP laminate 
with a 5 mm circular centre hole .. a appro imately 2 mm wben tested under quasi-static loading. 
Thi i al 0 th criti al damag zone length predicted by the CDG model. In Fig 7.19. the predicted 
notched trength, (Y\,. for a 5 mm circular centre bole in the GFRP laminate is shown as a function of 
the critical damage zon length according to the fracture mechanics relation used in the CDG model. 
Ob iou Iy, ery mall damage zone lengths correspond to high notched strengths and the notched 
trength fall with increa ing damage zon length. The same graph shows the maximum peak stress 
for the fatigu test in R gim Band C. The specimens failed at these peak fatigue stress values and 
measuremen were made of the critical damage zone lengths prior to failure. In both cases there is 
rea onable agreement betw n the predicted damage zone length according to the fracture mechanics 
relation and th mea ur d alues, although the measured damage zone lengths are about 75% of the 
predicted va lu in both ca 
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7.3. Carbon 
Unlike the GFRP laminates, all except one of the carbon specimens survived the fatigue loading at 
85% of the average quasi-static notched strength of the laminate. The one exception was coupon PQ4-
H3, which failed after 388,227 cycles, but it was the only carbon specimen to fail under fatigue and it 
is considered an anomaly that failed prematurely possibly due to void or other defect or perhaps a load 
spike. After the coupons had been fatigue loaded for 5000,50,000 or 500,000 cycles, they were then 
tested to failure under quasi-static tensile loading and the results are presented in Table 7.3. Also 
shown in Table 7.3. are the average quasi-static notched strength values for coupons with no prior 
fatigue loading (the average and the standard deviation are shown). In the residual strength tests for 
coupons with prior fatigue cycling, all the specimens failed through the notch. 
Table 7.3. Quasi-static Tensile Test Results for the CFRP Laminates 
Laminate Quasi-static Fatigue Specimen Notch Strength Avg. Str. StdDev 
Average Strength Cycles Size (d) 
(without fatigue Loading) 
(MPa) (mm) (MPa) (MPa) (MPa) 
PQ4 239 ± 6.S 500000 PQ4-Hl 5 235 
PQ4-H2 5 226 224 12.2 
PQ4-E4 5 211 
50000 PQ4-H4 5 226 
PQ4-H5 5 238 219 23.5 
PQ4-E3 5 193 
5000 PQ4-H7 5 224 
PQ4-HS 5 221 225 5.6 
PQ4-E2 5 232 
5Q4 202 ± 4.7 500000 5Q4-Gl 5 226 
5Q4-G2 5 226 224 2.2 
5Q4-G3 5 222 
50000 5Q4-G4 5 216 
5Q4-G5 5 212 215 2.5 
5Q4-G6 5 215 
5000 5Q4-G7 5 215 
5Q4-G8 5 219 218 3.2 
504-G9 5 221 
As shown in Table 7.3., the average notched strength for a 5 mm circular centre hole for the PQ4 
laminate was 239 MPa and for the 5Q4laminate it was 202 MPa. The results in Table 7.3. show that 
there was little difference (within experimental scatter) between the quasi-static strength results for the 
coupons that had been fatigue loaded for 5000, 50,000 and 500,000 cycles. 
The results of the 5Q4 laminate show an improvement in residual strength of about 10% after fatigue 
loading. The enhanced strength value after fatigue cycling is not, however, comparable to the average 
unnotched strength of the 5Q4 laminate, when the reduction in area due to the hole is taken into 
consideration. Hence, although there was an improvement in the notched strength of the 5Q4 laminate 
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after fatigue loading, it cannot be said that the increase in strength was sufficiently high for the effect 
of the notch to have been completely eliminated. This suggests that the damage formed during fatigue 
of the 5Q4 laminate reduced the effect of the notch. The damage formed would have been 
longitudinal splitting adjacent to the hole, which was not sufficient to remove the effect of the notch 
but was long enough to reduce its effect. 
On the other hand, in the results for the PQ4 laminate, there is a much greater scatter in the results, but 
overall there was no improvement in the residual strength after fatigue loading, compared to the 
average quasi-static notched strength. It is not clear why the notched strength of the PQ4 laminate 
showed no improvement after fatigue loading, and further work would be required to investigate this. 
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7.4. Concluding Remarks 
In this chapter a limited investigation into the effect of fatigue on the residual strength of notched 
coupons of GFRP and CFRP laminates was carried out. 
The results showed that the quasi-isotropic GFRP laminate was fatigue sensitive; there was a marked 
S-N curve as all the notched coupons tested failed through the notch under fatigue loading. It was 
found that for the GFRP laminate, the damage zone that formed during fatigue was similar to that seen 
under quasi-static tensile loading. Furthermore, the lengths of the critical damage zones were larger 
for fatigue loading than for quasi-static loading, due to the lower applied stress. The critical damage 
zone length was found to be longer at lower fatigue stress levels. It has also been shown that there is 
extensive evidence of 0° fibre failure, and in some cases tow failure, in the damage zone region. 
However, unlike the results for quasi-static tensile testing, there is also evidence of damage to fibres in 
the ±45 layers. The results for critical damage zone length were consistent with the predictions of the 
CDGmodel. 
The CFRP laminates showed little difference in residual strength values after fatigue cycling and 
hence can be said to be fatigue insensitive. The PQ4 laminate showed no significant improvement in 
the residual strength after fatigue loading (in fact a small reduction was noted), whilst the 5Q4 
laminate show about a 10% improvement in strength after fatigue loading irrespective of the number 
of fatigue cycles. The strength improvement in the 5Q4 laminate was not, however, comparable to the 
average un-notched strength showing that the effect of the notch has been reduced slightly, but not 
eliminated. 
The small improvement in the residual strength of the 5Q4 coupons, is in agreement with the 
suggestion of Curtis and Moore (1985) that the improvement in the residual strength is due to a 
reduction in the stress concentrating effect of the hole due to damage cause by fatigue. However, the 
results for the PQ4 do not follow this trend and indicate that further work is required to clarify the 
difference in the behaviour of the notches in plain weave and five-harness satin weave coupons under 
fatigue loading. 
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8.1. Concluding Remarks 
The main body of the experimental work in this thesis has been concerned with the experimental 
characterisation of the mechanical properties of the various woven fabric laminates for the modelling 
of the notched strength. A comprehensive set of mechanical property data (stiffness, Poisson's ratio, 
unnotched strength, notched strength and toughness) have been obtained for quasi-isotropic GFRP 
laminates based on 8HS woven fabric reinforcement and for three different thicmesses of cross-ply 
and quasi-isotropic CFRP laminates based on both plain weave and five harness satin weave fabric 
reinforcement. 
Using several techniques, damage growth and fracture from circular holes has been studied in detail. 
It was shown for the quasi-isotropic GFRP and for the CFRP laminates that an intense damage zone 
develops at the hole edge and propagates away from the notch perpendicular to the applied stress in a 
stable self-similar fashion, over a limited range of increasing applied stress. The damage zone has 
been shown to comprise matrix cracking, splitting, delamination and, most significantly, 0° tow 
fracture near the crimp regions adjacent to the hole edges. 
It has been shown that the notched strength data for the quasi-isotropic GFRP and the CFRP laminates 
can be adequately described by the well-mown Whitney-Nuismer point and average stress criteria 
models, or by a damage and fracture model (COG model) that is more physically based. The 
Whitney-Nuismer ASC was found to be more accurate than the Whitney-Nuismer PSC. The CDG 
model predictions were only marginally less accurate than those of the ASC and significantly better 
than those of the PSC. 
This study has shown that the COO model can be applied successfully for notched strength predictions 
in quasi-isotropic GFRP laminates based on 8HS woven fabric reinforcement and to a range of cross-
ply and quasi-isotropic CFRP laminates based on woven fabric reinforcement. Furthermore, a 
parametric study on the CFRP quasi-isotropic data for the COG model, carried out by varying the 
fracture toughness and unnotched strength, showed that a 10% variation in both parameters produce 
only a 10% variation in the COO model prediction of the notched strength. Hence it is concluded that 
the COO model is preferred to the serni-empirical WN failure criteria because it is based on physically 
meaningful parameters and it is simple to implement. Furthermore, the damage growth studies carried 
out here suggest that tow fractures develop at the stress concentration before catastrophic fracture, 
giving the basis of the COO model experimental justification. 
A preliminary investigation into the residual notched strength after fatigue loading was carried out on 
quasi-isotropic coupons of woven fabric GFRP and CFRP. The investigation showed that the quasi-
isotropic GFRP laminate was fatigue sensitive whilst the CFRP laminates (cross-ply and quasi-
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isotropic) were fatigue insensitive, in agreement with previous work. The damage development 
observed under fatigue loading in the GFRP laminates has been similar to that seen under quasi-static 
loading, with the damage zone in fatigue growing to a larger extent due to the lower stress levels 
applied during fatigue loading. The intense damage zone that develops at the hole edge under fatigue 
loading comprises matrix cracking, delamination and 0° tow fracture and this zone propagates in a 
self-similar manner up to catastrophic fracture through the notch (similar behaviour was observed for 
quasi-static loading). The CFRP laminate showed little difference in the residual notched strength 
after varying amounts of fatigue loading. The PW CFRP laminate showed no improvement in residual 
strength after fatigue loading whilst the 5HS CFRP showed a slight (-10%) improvement in residual 
strength after fatigue loading. This suggested that the fatigue damage that formed adjacent to the 
notch in the 5HS CFRP laminate reduced the stress concentration effect of the notch. 
8.2. Suggestions for Further Work 
There are other areas that would be of interest for further investigation. The tests to determine the 
toughness of a laminate are labour intensive and time consuming and it would be of benefit to try to 
understand the origins of toughness in the woven composites, in a quantitative way in order to reduce 
the need for testing. It would also be of interest to investigate the notched strength, notch edge 
damage and performance of the COO model for other notch geometries (including other practical 
configurations such as bolt filled holes), laminates based on other types of fabric architecture (such as 
braided or knitted weaves), and on laminates based on other fibre reinforcements (such as aramid and 
even hybrid fabric reinforcements). Also, and very importantly, there is a need to explore the effects 
of orthotropy further, since certain orthotropic correction factors are not currently available (e.g. hole 
edge correction factors for cross-ply CFRP). 
For the fatigue work, it would be of benefit to investigate the effect of different peak loads on the 
fatigue behaviour of the quasi-isotropic GFRP laminate, to see if it is possible to develop a cyclic load 
law to predict the growth of the damage zone. It would also be interesting to continue the fatigue 
study with the CFRP material, in particular to try to clarify the difference in the behaviour of the 
notches in plain weave and five-harness satin weave coupons under fatigue loading. 
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A.1. Thickness and Width Measurements 
Table A.I. Width and Thickness Measurements for the PX2 Coupons. 
PXZ Width (mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.16 25.03 25.14 25.11 0.07 0.50 0.50 0.52 0.51 om 
A2 25.18 24.73 25.14 25.02 0.25 0.51 0.52 0.54 0.52 0.02 
A3 25.18 25.04 25.12 25.11 0.07 0.53 0.52 0.52 0.52 0.Ql 
A4 25.14 24.93 25.10 25.06 0.11 0.52 0.50 0.52 0.51 0.01 
A5 25.15 24.85 25.12 25.04 0.17 0.53 0.51 0.52 0.52 om 
A6 25.16 24.84 25.13 25.04 0.l8 0.51 0.51 0.53 0.52 om 
A7 25.16 24.53 25.13 24.94 0.36 0.50 0.51 0.52 0.51 om 
A8 25.16 25.05 25.07 25.09 0.06 0.51 0.50 0.50 0.50 0.01 
A9 25.19 25.06 25.17 25.l4 0.07 0.50 0.52 0.52 0.51 om 
Bl 25.13 25.11 25.03 25.09 0.05 0.51 0.51 0.53 0.52 om 
B2 25.15 24.99 25.12 25.09 0.09 0.52 0.51 0.53 0.52 om 
B3 25.12 25.02 25.15 25.10 0.07 0.51 0.51 0.50 0.51 om 
B4 25.18 25.03 25.13 25.11 0.08 0.51 0.50 0.49 0.50 om 
B5 25.16 25.02 25.15 25.11 0.08 0.50 0.50 0.49 0.50 0.01 
B6 25.16 24.49 25.15 24.93 0.38 0.49 0.50 0.50 0.50 0.01 
B7 25.14 24.75 25.17 25.02 0.23 0.49 0.50 0.51 0.50 om 
B8 25.13 25.04 25.17 25.l1 0.07 0.52 0.50 0.49 0.50 0.02 
B9 25.10 25.06 25.16 25.11 0.05 0.52 0.51 0.49 0.51 0.02 
Fl 24.92 25.05 25.08 25.02 0.09 0.52 0.52 0.53 0.52 0.01 
F2 25.16 24.96 25.10 25.07 0.10 0.51 0.51 0.52 0.51 0.01 
F3 25.20 24.90 25.05 25.0S 0.15 0.52 0.50 0.51 0.51 0.01 
F4 25.16 24.93 25.08 25.06 0.12 0.51 0.50 0.51 0.51 om 
FS 2S.11 25.00 25.17 2S.09 0.09 0.50 0.51 0.51 0.51 om 
F6 25.13 24.73 25.13 25.00 0.23 0.51 0.50 0.50 0.50 0.01 
F7 25.08 24.94 24.91 24.98 0.09 0.51 0.51 0.50 0.51 0.01 
F8 25.08 25.01 24.83 24.97 0.13 0.50 0.51 0.51 0.51 0.01 
F9 25.12 25.02 25.07 25.07 0.05 0.50 0.51 0.51 0.51 0.01 
Mean Coupon Width 25.06 Mean Laminate Thickness 0.51 
StdDev. 0.14 Std Dev. 0.01 
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Table A.2. Width and Thickness Measurements for the PX4 Coupons. 
PX4 Width (mm) Thickness (mm) 
Coupons Result I Result 2 Result 3 Mean StdDev. Result I Result 2 Result 3 Mean StdDev. 
Al 24.68 24.96 25.18 24.94 0.2S 1.04 1.04 LOS 1.04 0.01 
A2 2S.26 24.90 2S.16 2S.11 0.19 LOS LOS 1.06 LOS 0.01 
A3 2S.18 2S.14 2S.22 2S.18 0.04 1.06 LOS LOS LOS 0.01 
A4 2S.17 2S.1O 2S.22 2S.16 0.06 1.04 1.04 LOS 1.04 0.01 
AS 2S.17 2S.10 2S.18 2S.1S 0.04 1.03 1.04 1.04 1.04 om 
A6 2S.13 25.09 25.23 2S.1S 0.07 1.04 1.04 1.04 1.04 0.00 
A7 2S.16 2S.04 2S.23 2S.14 0.10 LOS 1.04 LOS LOS 0.01 
A8 2S.17 2S.01 25.22 2S.13 0.11 1.03 1.03 1.03 1.03 0.00 
A9 2S.23 2S.07 2S.22 2S.17 0.09 1.02 1.02 1.03 1.02 0.01 
Bl 24.47 24.36 24.34 24.39 0.07 1.02 1.01 1.02 1.02 0.01 
B2 2S.06 24.92 2S.21 2S.06 O.IS 1.01 1.02 1.02 1.02 0.01 
B3 2S.22 24.92 25.08 25.07 0.15 1.01 1.01 1.01 1.01 0.00 
B4 25.22 25.08 25.21 25.17 0.08 1.00 0.98 1.01 1.00 0.02 
BS 25.21 25.07 25.20 25.16 0.08 1.00 0.98 1.00 0.99 0.01 
B6 25.09 25.06 25.23 2S.13 0.09 0.99 0.99 1.00 0.99 0.01 
B7 24.59 24.91 25.20 24.90 0.31 1.00 1.00 1.01 1.00 om 
B8 25.21 2S.06 25.24 2S.17 0.10 1.00 0.98 1.00 0.99 om 
B9 25.21 25.15 25.26 25.21 0.06 1.01 0.99 1.00 1.00 0.01 
Cl 25.25 25.10 25.13 25.16 0.08 1.05 1.04 LOS LOS 0.01 
C2 25.25 25.08 25.12 25.15 0.09 1.06 LOS 1.06 1.06 0.01 
C3 25.24 25.06 25.14 25.15 0.09 1.07 LOS LOS 1.06 0.01 
C4 2S.26 25.14 25.21 2S.20 0.06 1.06 1.06 LOS 1.06 0.01 
C5 25.24 25.20 25.28 25.24 0.04 1.07 1.06 1.04 1.06 0.02 
C6 25.23 25.10 25.21 25.18 0.07 1.03 1.04 1.05 1.04 om 
C7 25.24 25.10 25.21 25.18 0.07 1.04 1.05 1.04 1.04 om 
C8 25.25 25.18 25.23 25.22 0.04 1.03 1.04 1.05 1.04 om 
C9 25.32 25.12 25.27 25.24 0.10 1.04 1.04 1.03 1.04 om 
El 25.84 25.54 25.50 25.63 0.19 1.05 1.08 1.05 1.06 0.02 
E2 25.65 25.63 25.69 25.66 0.03 1.04 1.05 1.06 1.05 0.01 
E3 25.76 25.60 25.80 25.72 0.11 1.06 1.06 1.06 1.06 0.00 
E4 25.68 25.62 25.67 25.66 0.03 1.04 LOS 1.05 1.05 0.01 
E5 25.70 25.65 25.70 25.68 0.03 1.04 1.04 1.04 1.04 0.00 
E6 25.71 25.70 25.62 25.68 0.05 1.04 1.04 1.05 1.04 om 
E7 25.72 25.57 25.63 25.64 0.08 1.04 1.05 1.05 1.05 0.01 
E8 25.65 25.60 25.72 25.66 0.06 1.03 1.03 1.05 1.04 om 
E9 25.71 24.94 25.30 25.32 0.39 1.03 1.04 1.04 1.04 0.01 
Mean Coupon Width 25.24 Mean Laminate Thickness 1.03 
stdDev. 0.29 StdDev. 0.02 
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Table A.3. Width and Thickness Measurements for the PX8 Coupons. 
PX8 Width (mm) Thickness (rom) 
Coupons Result I Result 2 Result 3 Mean StdDey. Result 1 Result 2 Result 3 Mean StdDey. 
Al 25.23 25.20 25.25 25.23 0.03 2.02 2.05 2.04 2.04 0.02 
A2 25.22 25.18 25.26 25.22 0.04 2.09 2.07 2.08 2.08 0.01 
A3 25.20 25.10 25.20 25.17 0.06 2.09 2.05 2.08 2.07 0.02 
A4 25.15 25.10 25.25 25.17 0.08 2.08 2.05 2.08 2.07 0.02 
A5 25.20 25.10 25.20 25.17 0.06 2.08 2.04 2.06 2.06 0.02 
A6 25.22 25.20 25.31 25.24 0.06 2.05 2.04 2.06 2.05 0.01 
A7 25.25 25.19 25.28 25.24 0.05 2.06 2.03 2.08 2.06 0.03 
A8 25.26 25.23 25.30 25.26 0.04 2.04 2.04 2.07 2.05 0.02 
A9 25.24 25.23 25.34 25.27 0.06 2.03 2.00 2.04 2.02 0.02 
EI 25.32 24.80 25.11 25.08 0.26 2.05 2.06 2.08 2.06 0.02 
E2 25.18 25.22 25.24 25.21 0.03 2.10 2.08 2.09 2.09 0.01 
E3 25.20 25.15 25.15 25.17 0.03 2.09 2.10 2.08 2.09 0.01 
E4 25.20 25.15 25.25 25.20 0.05 2.09 2.08 2.07 2.08 0.01 
E5 25.20 25.15 25.25 25.20 0.05 2.05 2.07 2.07 2.06 0.01 
E6 25.24 25.17 25.24 25.22 0.04 2.05 2.06 2.03 2.05 0.02 
E7 25.25 25.24 25.31 25.27 0.04 2.05 2.07 2.05 2.06 0.01 
E8 25.18 25.20 25.31 25.23 0.07 2.05 2.08 2.04 2.06 0.02 
E9 25.35 25.20 25.20 25.25 0.09 2.02 2.03 2.00 2.02 0.02 
FI 25.18 25.26 25.31 25.25 0.07 2.02 2.01 2.00 2.01 0.01 
F2 25.32 25.28 25.34 25.31 0.03 2.01 2.02 2.00 2.01 0.01 
F3 25.30 25.20 25.25 25.25 0.05 2.05 2.04 2.03 2.04 0.01 
F4 25.35 25.25 25.30 25.30 0.05 2.01 2.00 1.99 2.00 0.01 
F5 25.20 25.10 25.30 25.20 0.10 1.97 1.99 1.98 1.98 0.01 
F6 25.32 25.18 25.26 25.25 0.07 1.99 2.00 1.98 1.99 0.01 
F7 25.25 25.10 25.25 25.20 0.09 1.97 2.00 1.98 1.98 0.02 
F8 25.20 25.15 25.20 25.18 0.03 1.97 2.00 1.96 1.98 0.02 
F9 25.20 25.10 25.20 25.17 0.06 1.97 1.97 1.95 1.96 0.01 
GI 26.31 26.02 26.05 26.13 0.16 2.00 2.02 1.96 1.99 0.03 
G2 25.44 25.42 25.52 25.46 0.05 2.04 2.04 1.98 2.02 0.03 
G3 25.57 25.50 25.58 25.55 0.04 1.96 1.99 2.02 1.99 0.03 
G4 25.58 25.56 25.57 25.57 O.ot 1.97 1.97 1.99 1.98 0.01 
Mean Coupon Width 25.28 Mean Laminate Thickness 2.03 
StdDev. 0.20 StdDey. 0.04 
Big A 119.50 119.45 119.40 119.45 0.05 1.98 1.97 1.98 1.98 0.01 
BigB 119.60 119.55 119.45 119.53 0.08 1.99 1.98 2.00 1.99 0.01 
BigC 119.65 119.50 119.40 119.52 0.13 2.05 2.03 2.04 2.04 0.01 
BigD 120.40 120.25 120.00 120.22 0.20 2.06 2.05 2.05 2.05 0.01 
BigE 119.50 119.40 119.40 119.43 0.06 2.05 2.06 2.02 2.04 0.02 
BigF 119.55 119.60 119.50 119.55 0.05 2.09 2.07 2.08 2.08 0.01 
BigG 119.60 119.65 119.70 119.65 0.05 2.02 2.05 2.04 2.04 0.02 
Big" 119.70 119.70 119.65 119.68 0.03 2.01 2.03 2.02 2.02 0.01 
Mean Coupon Width 119.63 Mean Laminate Thickness 2.03 
Std Dev. 0.25 StdDev. 0.03 
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Table A.4. Width and Thickness Measurements for the PQ4 Coupons. 
PQ4 Width_(mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.16 25.08 25.23 25.16 0.08 1.02 1.01 1.04 1.02 0.02 
A2 25.24 25.12 25.15 25.17 0.06 1.03 1.02 1.04 1.03 0.01 
A3 25.24 25.12 25.20 25.19 0.06 1.01 1.03 1.03 1.02 om 
A4 25.23 25.15 25.18 25.19 0.04 1.01 1.03 1.02 1.02 om 
A5 25.23 25.15 25.19 25.19 0.04 1.02 1.00 1.03 1.02 0.02 
A6 25.22 25.16 25.23 25.20 0.04 1.03 1.02 1.04 1.03 om 
A7 25.25 25.16 25.19 25.20 0.05 1.01 1.02 1.03 1.02 0.01 
A8 25.25 25.15 25.18 25.19 0.05 1.02 1.03 1.03 1.03 om 
A9 24.35 24.52 24.62 24.50 0.14 1.00 1.02 1.01 1.01 om 
FI 25.16 25.13 25.15 25.15 0.02 1.02 1.03 1.02 1.02 0.01 
F2 25.23 25.12 25.19 25.18 0.06 1.02 1.02 1.01 1.02 0.01 
F3 25.22 25.12 25.24 25.19 0.06 1.02 1.01 1.03 1.02 0.01 
F4 25.15 25.12 25.21 25.16 0.05 1.02 1.00 1.03 1.02 0.02 
F5 25.22 25.10 25.13 25.15 0.06 1.01 1.03 1.00 1.01 0.02 
F6 25.21 25.11 25.13 25.15 0.05 1.01 1.02 0.99 1.01 0.02 
F7 25.22 25.11 25.17 25.17 0.06 1.02 0.99 1.00 1.00 0.02 
F8 25.24 25.12 25.20 25.19 0.06 1.02 0.99 1.01 1.01 0.02 
F9 25.22 25.07 25.16 25.15 0.08 1.00 1.02 1.00 1.01 om 
01 25.20 25.08 25.09 25.12 0.07 1.01 1.01 0.99 1.00 0.01 
02 25.20 24.99 25.08 25.09 0.11 1.03 1.00 0.99 1.01 0.02 
03 25.18 25.05 25.20 25.14 0.08 1.01 1.00 1.02 1.01 0.01 
04 25.19 25.05 25.15 25.13 0.07 1.02 1.00 1.00 1.01 0.01 
05 25.16 25.06 25.19 25.14 0.07 1.02 1.02 0.99 1.01 0.02 
06 25.16 25.08 25.20 25.15 0.06 1.01 1.01 1.03 1.02 om 
G7 25.14 25.02 25.19 25.12 0.09 1.01 1.03 1.02 1.02 0.01 
G8 25.21 25.05 25.10 25.12 0.08 1.02 1.03 1.02 1.02 0.01 
G9 25.07 25.05 25.09 25.07 0.02 1.03 1.02 1.01 1.02 0.01 
El 25.75 25.57 25.67 25.66 0.09 1.05 1.03 1.03 1.04 0.01 
E2 25.70 25.61 25.67 25.66 0.05 1.04 1.05 1.03 1.04 0.01 
E3 25.76 25.65 25.73 25.71 0.06 1.04 1.05 1.05 1.05 om 
E4 25.81 25.73 25.75 25.76 0.04 1.03 1.03 1.04 1.03 om 
E5 25.78 25.71 25.79 25.76 0.04 1.03 1.02 1.05 1.03 0.02 
E6 25.78 25.71 25.75 25.75 0.04 1.02 1.01 1.03 1.02 om 
E7 25.73 25.67 25.78 25.73 0.06 1.04 1.02 1.03 1.03 0.01 
E8 25.73 25.63 25.76 25.71 0.07 1.03 1.02 1.02 1.02 0.01 
E9 25.75 25.70 25.63 25.69 0.06 1.02 1.01 1.01 1.01 0.01 
HI 25.31 25.30 25.35 25.32 0.03 1.05 1.02 1.03 1.03 0.02 
H2 25.44 25.38 25.43 25.42 0.03 1.04 1.03 1.04 1.04 0.01 
H3 25.47 25.38 25.43 25.43 0.05 1.02 1.04 1.02 1.03 0.01 
H4 25.49 25.44 25.49 25.47 0.03 1.05 1.03 1.05 1.04 0.01 
H5 25.49 25.45 25.45 25.46 0.02 1.05 1.05 1.05 1.05 0.00 
H6 25.44 25.39 25.41 25.41 0.03 1.03 1.04 1.04 1.04 0.01 
H7 25.38 25.34 25.36 25.36 0.02 1.04 1.04 1.05 1.04 0.01 
H8 25.39 25.31 25.42 25.37 0.06 1.03 1.05 1.03 1.04 om 
Mean Coupon Width 25.30 Mean Laminate Thickness 1.02 
StdDev. 0.26 StdDev. 0.02 
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Table A.S. Width and Thickness Measurements for the PQ8 Coupons. 
PQ8 Width (mm) Thidmess (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.22 25.20 25.23 25.22 0.02 1.99 2.01 2.00 2.00 0.Ql 
A2 25.25 25.15 25.24 25.21 0.06 2.02 2.03 2.03 2.03 0.01 
A3 25.20 25.15 25.20 25.18 0.03 2.03 2.03 2.02 2.03 0.Ql 
A4 25.15 25.10 25.20 25.15 0.05 2.04 2.04 2.05 2.04 0.Ql 
AS 25.20 25.10 25.10 25.13 0.06 2.04 2.03 2.02 2.03 0.Ql 
A6 25.25 25.13 25.23 25.20 0.06 2.04 2.05 2.03 2.04 0.Ql 
A7 25.20 25.16 25.25 25.20 0.05 2.07 2.03 2.04 2.05 0.02 
A8 25.26 25.19 25.24 25.23 0.04 2.06 2.02 2.05 2.04 0.02 
A9 25.28 25.18 25.30 25.25 0.06 2.05 2.01 2.04 2.03 0.02 
Bl 25.17 25.17 25.15 25.16 0,01 2.04 2.02 2.03 2.03 0,01 
B2 25.22 25.17 25.23 25.21 0.03 2.04 2.03 2.02 2.03 0.Ql 
B3 25.20 25.10 25.15 25.15 0.05 2.02 2.02 2.03 2.02 O.oI 
B4 25.20 25.15 25.20 25.18 0.03 2.02 2.01 2.03 2.02 0.Ql 
B5 25.20 25.10 25.15 25.15 0.05 2.02 2.01 2.02 2.02 O.oI 
B6 25.24 25.15 25.21 25.20 0.05 2.03 2.00 2.02 2.02 0.02 
B7 25.21 25.12 25.24 25.19 0.06 2.05 1.99 2.02 2.02 0.03 
B8 25.22 25.12 25.23 25.19 0.06 2.05 1.98 2.01 2.01 0.04 
B9 25.22 25.12 25.20 25.18 0.05 2.02 2.00 1.99 2.00 0.02 
Fl 25.26 25.30 24.94 25.17 0.20 2.02 2.05 2.04 2.04 0.02 
F2 25.27 25.21 25.28 25.25 0.04 2.03 2.05 2.05 2.04 0.01 
F3 25.20 25.10 25.20 25.17 0.06 2.04 2.05 2.03 2.04 0,01 
F4 25.20 25.10 25.20 25.17 0.06 2.04 2.02 2.03 2.03 0,01 
F5 25.20 25.15 25.20 25.18 0.03 2.02 2.01 2.03 2.02 0.Ql 
F6 25.31 25.16 25.14 25.20 0.09 2.02 2.02 2.02 2.02 0.00 
F7 25.20 25.10 25.15 25.15 0.05 2.01 2.02 2.01 2.01 .0.oI 
F8 25.20 25.10 25.20 25.17 0.06 2.00 2.02 2.01 2.01 : O.oI 
F9 25.15 25.10 25.20 25.15 0.05 2.00 2.00 2.01 2.00 0.01 
Mean Coupon Width 25.19 Mean Laminate Thickness 2.03 
StdDev. 0.06 StdDev. 0.02 
152 
APPENDIX A. CFRP EXPERIMENTAL OAT A 
Table A.6. Width and Thickness Measurements for the PQ12 Coupons. 
PQ12 Width (mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdOev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.15 25.10 25.25 25.17 0.08 3.08 3.06 3.07 3.07 0.01 
A2 25.30 25.25 25.40 25.32 0.08 3.14 3.12 3.09 3.12 0.03 
A3 25.30 25.25 25.35 25.30 0.05 3.14 3.12 3.08 3.11 0.03 
A4 25.20 25.20 25.35 25.25 0.09 3.15 3.09 3.09 3.11 0.03 
A5 25.20 25.25 25.40 25.28 0.10 3.15 3.09 3.09 3.11 0.03 
A6 25.35 25.35 25.35 25.35 0.00 3.13 3.10 3.09 3.11 0.02 
A7 25.25 25.25 25.30 25.27 0.03 3.09 3.11 3.11 3.10 0.01 
AS 25.25 25.25 25.30 25.27 0.03 3.0S 3.10 3.07 3.0S 0.02 
A9 25.25 25.20 25.35 25.27 0.08 3.10 3.09 3.10 3.10 0.01 
01 25.25 25.30 25.20 25.25 0.05 3.26 3.16 3.20 3.21 0.05 
02 25.30 25.30 25.40 25.33 0.06 3.33 3.24 3.22 3.26 0.06 
03 25.25 25.30 25.30 25.2S 0.03 3.34 3.24 3.22 3.27 0.06 
04 25.30 25.25 25.35 25.30 0.05 3.16 3.24 3.32 3.24 0.08 
05 25.25 25.25 25.35 25.28 0.06 3.24 3.34 3.17 3.25 0.09 
06 25.25 25.25 25.30 25.27 0.03 3.25 3.34 3.23 3.27 0.06 
07 25.30 25.30 25.30 25.30 0.00 3.33 3.21 3.15 3.23 0.09 
OS 25.35 25.25 25.35 25.32 0.06 3.15 3.14 3.22 3.17 0.04 
09 25.50 25.40 25.40 25.43 0.06 3.11 3.08 3.12 3.10 0.02 
El 25.30 25.20 25.30 25.27 0.06 3.17 3.15 3.16 3.16 0.01 
E2 25.40 25.30 25.25 25.32 0.08 3.19 3.18 3.19 3.19 0.01 
E3 25.35 25.20 25.25 25.27 0.08 3.18 3.19 3.19 3.19 0.01 
E4 25.30 25.20 25.40 25.30 0.10 3.19 3.1S 3.18 3.1S 0.01 
E5 25.30 25.30 25.30 25.30 0.00 3.20 3.17 3.16 3.18 0.02 
E6 25.30 25.20 25.25 25.25 0.05 3.16 3.17 3.20 3.1S 0.02 
E7 25.25 25.25 25.35 25.28 0.06 3.22 3.18 3.16 3.19 0.03 
E8 25.25 25.30 25.35 25.30 0.05 3.19 3.16 3.15 3.17 0.02 
E9 25.25 25.30 25.35 25.30 0.05 3.18 3.17 3.15 3.17 0.02 
Mean Coupon Width 25.29 Mean Laminate Thickness 3.17 
StdDev. 0.07 StdDev. 0.07 
Big A 119.65 119.S0 119.70 119.72 0.08 3.13 3.11 3.17 3.14 0.03 
BigB 119.60 119.65 119.65 119.63 0.03 3.17 3.17 3.08 3.14 0.05 
BigC 119.65 119.70 119.75 119.70 0.05 3.16 3.19 3.16 3.17 0.02 
Big 0 119.55 119.60 119.65 119.60 0.05 3.17 3.15 3.19 3.17 0.02 
BigE 119.85 119.90 119.75 119.83 O.OS 3.14 3.12 3.11 3.12 0.02 
BigF 119.70 119.75 119.60 119.68 O.OS 3.13 3.15 3.18 3.15 0.03 
BigG 119.90 119.70 119.60 119.73 0.15 3.16 3.20 3.25 3.20 0.05 
BiRH 119.80 119.S5 119.75 119.S0 0.05 3.14 3.25 3.23 3.21 0.06 
Mean Coupon Width 119.71 Mean Laminate Thickness 3.16 
StdDev. 0.10 StdDev. 0.04 
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Table A.7. Width and Thickness Measurements for the 5X2 Coupons. 
SX2 Width (mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Bl 25.05 25.00 25.23 25.09 0.12 0.82 0.81 0.82 0.82 0.01 
B2 25.20 25.09 25.19 25.16 0.06 0.80 0.82 0.81 0.81 0.01 
B3 25.22 25.13 25.21 25.19 0.05 0.81 0.81 0.81 0.81 0.00 
B4 25.20 25.04 25.20 25.15 0.09 0.81 0.81 0.82 0.81 om 
B5 25.23 25.06 25.16 25.15 0.09 0.81 0.81 O.SI 0.81 0.00 
B6 25.16 25.02 25.17 25.12 0.08 0.80 0.80 0.80 0.80 0.00 
B7 25.04 25.08 25.23 25.12 0.10 0.80 0.81 0.80 0.80 0.01 
B8 25.20 25.13 25.22 25.18 0.05 0.81 0.81 0.81 0.81 0.00 
B9 25.02 25.04 25.23 25.10 0.12 0.79 0.81 0.81 0.80 0.01 
Cl 25.19 25.10 25.13 25.14 0.05 0.80 0.80 0.80 0.80 0.00 
C2 25.19 25.07 25.21 25.16 0.08 0.80 0.81 0.81 0.81 0.01 
C3 25.20 25.07 25.17 25.15 0.07 0.79 0.80 0.79 0.79 O.ot 
C4 25.21 25.05 25.15 25.14 0.08 0.80 0.80 0.80 0.80 0.00 
C5 25.13 25.04 25.15 25.11 0.06 0.80 0.81 0.81 0.81 om 
C6 25.15 25.05 25.20 25.13 0.08 0.80 0.82 0.81 0.81 om 
C7 25.02 25.07 25.18 25.09 0.08 0.81 0.82 0.80 0.81 0.01 
CS 25.06 25.07 25.17 25.10 0.06 0.82 0.82 0.81 0.82 0.01 
C9 25.15 25.04 25.19 25.13 0.08 0.80 0.82 0.82 0.81 0.01 
Fl 25.17 25.22 25.14 25.18 0.04 0.81 0.82 0.80 0.81 0.01 
F2 25.18 25.08 25.22 25.16 0.07 0.80 0.81 0.80 0.80 0.01 
F3 25.20 25.02 25.08 25.10 0.09 O.SO 0.80 0.81 O.SO 0.01 
F4 25.22 25.07 25.19 25.16 0.08 0.79 0.80 0.S3 0.81 0.02 
F5 25.23 25.06 25.17 25.15 0.09 0.S2 0.80 O.SO 0.81 om 
F6 25.10 25.03 25.21 25.11 0.09 O.SO 0.79 0.81 O.SO 0.01 
F7 25.20 25.07 25.15 25.14 0.07 0.80 0.80 O.SI O.SO 0.01 
F8 25.14 25.07 25.08 25.10 0.04 O.SI 0.80 O.SO 0.80 0.01 
F9 25.06 25.02 25.13 25.07 0.06 O.SO 0.80 O.SI O.SO om 
Mean Coupon Width 25.13 Mean Laminate Thickness 0.81 
StdDev. 0.07 StdDev. om 
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Table A.8. Width and Thickness Measurements for the 5X4 Coupons. 
5X4 Width (nun) Thickness (nun) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.29 24.92 25.27 25.16 0.21 1.51 1.57 1.60 1.56 0.05 
A2 25.12 25.11 25.29 25.17 0.10 1.57 1.63 1.63 1.61 0.03 
A3 25.30 25.19 25.13 25.21 0.09 1.59 1.64 1.63 1.62 0.03 
A4 25.16 24.86 25.11 25.04 0.16 1.62 1.62 1.63 1.62 0.01 
AS 25.01 25.15 25.27 25.14 0.13 1.64 1.64 1.60 1.63 0.02 
A6 25.05 25.11 25.23 25.13 0.09 1.57 1.63 1.64 1.61 0.04 
A7 25.08 25.19 25.23 25.17 0.08 1.59 1.63 1.64 1.62 0.03 
A8 25.12 25.12 25.33 25.19 0.12 1.58 1.62 1.63 1.61 0.03 
A9 25.28 25.18 25.31 25.26 0.07 1.58 1.62 1.63 1.61 0.03 
Bl 25.24 25.22 25.21 25.22 0.02 1.58 1.60 1.60 1.59 om 
B2 25.14 25.18 25.26 25.19 0.06 1.59 1.62 1.61 1.61 0.02 
B3 25.21 25.14 25.27 25.21 0.07 1.59 1.60 1.59 1.59 0.01 
B4 25.25 25.14 25.22 25.20 0.06 1.58 1.59 1.58 1.58 0.Q1 
BS 25.24 25.10 25.14 25.16 0.07 1.58 1.58 1.57 1.58 0.Q1 
B6 25.27 25.14 25.18 25.20 0.07 1.58 1.59 1.58 1.58 om 
B7 25.19 25.12 25.27 25.19 0.08 1.58 1.59 1.58 1.58 0.01 
B8 25.07 25.16 25.33 25.19 0.13 1.58 1.59 1.58 1.58 om 
B9 25.18 25.10 25.27 25.18 0.09 1.58 1.60 1.58 1.59 om 
Fl 25.41 25.18 25.20 25.26 0.13 1.60 1.62 1.61 1.61 om 
F2 25.34 25.16 25.22 25.24 0.09 1.61 1.62 1.62 1.62 om 
F3 25.27 25.18 25.27 25.24 0.05 1.61 1.60 1.60 1.60 0.01 
F4 25.23 25.15 25.22 25.20 0.04 1.61 1.60 1.60 1.60 0.01 
F5 25.30 25.18 25.25 25.24 0.06 1.59 1.60 1.59 1.59 om 
F6 25.33 25.21 25.13 25.22 0.10 1.59 1.59 1.60 1.59 0.Q1 
F1 25.27 25.23 25.27 25.26 0.02 1.59 1.60 1.61 1.60 0.01 
F8 25.17 25.19 25.23 25.20 0.03 1.61 1.60 1.59 1.60 0.01 
F9 25.27 25.14 25.29 25.23 0.08 1.61 1.60 1.60 1.60 0.01 
El 24.03 22.62 21.83 22.83 1.11 1.52 1.52 1.55 1.53 0.02 
E2 25.80 25.69 25.73 25.74 0.06 1.59 1.61 1.62 1.61 0.02 
E3 25.82 25.78 25.83 25.81 0.03 1.60 1.64 1.64 1.63 0.02 
E4 25.80 25.77 25.87 25.81 0.05 1.62 1.64 1.65 1.64 0.02 
E5 25.94 25.82 25.80 25.85 0.08 1.62 1.63 1.65 1.63 0.02 
E6 25.85 25.79 25.88 25.84 0.05 1.63 1.63 1.64 1.63 om 
E7 25.86 25.77 25.83 25.82 0.05 1.62 1.64 1.64 1.63 0.01 
E8 25.77 25.78 25.91 25.82 0.08 1.62 1.63 1.64 1.63 om 
E9 25.75 25.68 25.73 25.72 0.04 1.63 1.62 1.62 1.62 0.Q1 
Mean Coupon Width 25.27 Mean Laminate Thickness 1.60 
StdDev. 0.51 StdDev. 0.03 
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Table A.9. Width and Thickness Measurements for the 5X8 Coupons. 
SX8 Width hnm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdOev. Result 1 Result 2 Result 3 Mean StdDev. 
Cl 25.21 25.27 25.16 25.21 0.06 3.13 3.14 3.13 3.13 0.01 
C2 25.24 25.20 25.29 25.24 0.05 3.11 3.13 3.12 3.12 0.01 
C3 25.20 25.15 25.15 25.17 0.03 3.12 3.13 3.14 3.13 0.01 
C4 25.25 25.15 25.20 25.20 0.05 3.13 3.15 3.14 3.14 0.01 
C5 25.20 25.15 25.20 25.18 0.03 3.14 3.15 3.14 3.14 0.01 
C6 25.25 25.26 25.33 25.28 0.04 3.14 3.16 3.15 3.15 0.01 
C7 25.24 25.18 25.33 25.25 0.08 3.17 3.18 3.15 3.17 0.02 
C8 25.18 25.16 25.32 25.22 0.09 3.17 3.17 3.19 3.18 0.01 
C9 25.29 25.33 25.41 25.34 0.06 3.16 3.19 3.17 3.17 0.02 
01 25.34 25.38 25.21 25.31 0.09 3.18 3.20 3.18 3.19 0.01 
02 25.26 25.23 25.41 25.30 0.10 3.16 3.21 3.20 3.19 0.03 
03 25.25 25.25 25.30 25.27 0.03 3.20 3.20 3.18 3.19 0.01 
D4 25.35 25.30 25.35 25.33 0.03 3.18 3.20 3.18 3.19 0.01 
05 25.30 25.20 25.25 25.25 0.05 3.19 3.20 3.19 3.19 0.01 
06 25.30 25.23 25.37 25.30 0.07 3.18 3.19 3.20 3.19 0.01 
07 25.25 25.31 25.45 25.34 0.10 3.17 3.16 3.17 3.17 0.01 
08 25.36 25.31 25.42 25.36 0.06 3.14 3.15 3.15 3.15 0.01 
09 25.39 25.32 25.45 25.39 0.07 3.05 3.03 3.05 3.04 0.01 
Fl 25.28 25.33 25.25 25.29 0.04 3.18 3.19 3.17 3.18 0.01 
F2 25.35 25.32 25.40 25.36 0.04 3.18 3.17 3.15 3.17 0.02 
F3 25.25 25.20 25.25 25.23 0.03 3.17 3.17 3.15 3.16 om 
F4 25.25 25.20 25.25 25.23 0.03 3.18 3.18 3.15 3.17 0.02 
F5 25.25 25.20 25.20 25.22 0.03 3.17 3.18 3.14 3.16 0.02 
F6 25.28 25.26 25.31 25.28 0.03 3.14 3.12 3.14 3.13 0.01 
F7 25.25 25.20 25.25 25.23 0.03 3.14 3.13 3.12 3.13 0.01 
F8 25.25 25.20 25.30 25.25 0.05 3.15 3.13 3.13 3.14 0.01 
F9 25.30 25.25 25.30 25.28 0.03 3.13 3.12 3.12 3.12 0.01 
Gl 25.72 25.55 25.47 25.58 0.13 3.12 3.13 3.17 3.14 0.03 
G2 25.59 25.60 25.72 25.64 0.07 3.13 3.13 3.16 3.14 0.02 
G3 25.64 25.51 25.31 25.49 0.17 3.12 3.15 3.17 3.15 0.03 
G4 25.55 25.58 25.71 25.61 0.09 3.15 3.15 3.18 3.16 0.02 
Mean Coupon Width 25.31 Mean Laminate Thickness 3.15 
Std Dev. 0.13 StdDev. 0.03 
Big A 119.75 119.85 119.85 119.82 0.06 3.15 3.13 3.23 3.17 0.05 
BigB 119.80 119.70 119.60 119.70 0.10 3.16 3.17 3.20 3.18 0.02 
BigC 119.80 119.60 119.60 119.67 0.12 3.20 3.19 3.25 3.21 0.03 
Big 0 107.00 106.90 106.75 106.88 0.13 2.97 3.20 3.23 3.13 0.14 
BigE 119.70 119.65 119.55 119.63 0.08 3.18 3.21 3.08 3.16 0.07 
BigF 119.85 119.80 119.65 119.77 0.10 3.18 3.23 3.18 3.20 0.03 
BigG 119.70 119.60 119.50 119.60 0.10 3.15 3.17 3.19 3.17 0.02 
BigH 119.65 119.55 119.60 119.60 0.05 3.13 3.14 3.15 3.14 0.01 
Mean Coupon Width 118.08 Mean Laminate Thickness 3.17 
StdDev. 4.33 StdDev. 0.06 
156 
APPENDIXA. CFRP EXPERIMENTAL DATA 
Table A.I O. Width and Thickness Measurements for the 5Q4 Coupons. 
SQ4 Width (rnm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Bl 25.08 25.10 25.23 25.14 0.08 1.48 1.52 1.52 1.51 0.02 
B2 25.24 25.22 25.30 25.25 0.04 1.49 1.50 1.54 1.51 0.03 
B3 25.27 25.20 25.27 25.25 0.04 1.54 1.55 1.50 1.53 0.03 
B4 25.10 25.12 25.31 25.18 0.12 1.54 1.50 1.52 1.52 0.02 
B5 25.26 25.23 25.31 25.27 0.04 1.53 1.52 1.54 1.53 om 
B6 25.26 25.23 25.33 25.27 0.05 1.54 1.52 1.54 1.53 om 
B7 25.23 25.21 25.31 25.25 0.05 1.54 1.51 1.52 1.52 0.02 
B8 25.26 25.22 25.35 25.28 0.07 1.55 1.53 1.53 1.54 om 
B9 25.25 25.17 25.33 25.25 0.08 1.55 1.53 1.54 1.54 0.01 
Cl 25.25 25.18 25.36 25.26 0.09 1.55 1.53 1.53 1.54 0.01 
C2 25.23 25.22 25.37 25.27 0.08 1.55 1.53 1.55 1.54 0.01 
C3 25.27 25.27 25.33 25.29 0.03 1.54 1.53 1.55 1.54 om 
C4 25.28 25.27 25.30 25.28 0.02 1.53 1.53 1.54 1.53 om 
C5 25.27 25.27 25.34 25.29 0.04 1.53 1.52 1.52 1.52 0.01 
C6 25.18 25.20 25.36 25.25 0.10 1.53 1.52 1.54 1.53 om 
C7 25.24 25.24 25.37 25.28 0.08 1.53 1.54 1.54 1.54 om 
C8 25.15 25.20 25.36 25.24 0.11 1.54 1.53 1.53 1.53 0.01 
C9 24.99 25.06 25.39 25.15 0.21 1.54 1.52 1.53 1.53 0.01 
Fl 25.26 25.20 25.22 25.23 0.03 1.56 1.55 1.54 1.55 0.01 
F2 25.24 25.19 25.29 25.24 0.05 1.55 1.54 1.55 1.55 0.01 
F3 25.14 25.11 25.28 25.18 0.09 1.54 1.54 1.55 1.54 om 
F4 25.28 25.18 25.29 25.25 0.06 1.54 1.53 1.54 1.54 om 
F5 25.22 25.21 25.30 25.24 0.05 1.53 1.54 1.56 1.54 0.02 
F6 25.27 25.23 25.27 25.26 0.02 1.53 1.52 1.52 1.52 om 
F7 25.27 25.18 25.28 25.24 0.06 1.54 1.53 1.52 1.53 om 
F8 25.26 25.19 25.24 25.23 0.04 1.53 1.53 1.53 1.53 0.00 
F9 25.30 25.15 25.30 25.25 0.09 1.53 1.52 1.53 1.53 0.01 
El 25.81 25.76 25.75 25.77 0.03 1.38 1.43 1.39 1.40 0.03 
E2 25.79 25.78 25.85 25.81 0.04 1.54 1.55 1.55 1.55 0.01 
E3 25.84 25.77 25.86 25.82 0.05 1.56 1.58 1.59 1.58 0.02 
E4 25.84 25.79 25.86 25.83 0.04 1.56 1.57 1.59 1.57 0.02 
E5 25.81 25.77 25.82 25.80 0.03 1.56 1.58 1.58 1.57 0.01 
E6 25.88 25.81 25.84 25.84 0.04 1.56 1.58 1.58 1.57 om 
E7 25.89 25.90 25.95 25.91 0.03 1.55 1.57 1.56 1.56 0.01 
E8 25.81 25.71 25.82 25.78 0.06 1.55 1.56 1.57 1.56 0.01 
E9 25.78 25.80 25.83 25.80 0.03 1.57 1.55 1.56 1.56 om 
Gl 25.06 25.20 25.22 25.16 0.09 1.53 1.53 1.52 1.53 om 
G2 25.20 25.15 25.21 25.19 0.03 1.54 1.54 1.53 1.54 0.01 
G3 25.41 25.31 25.32 25.35 0.06 1.53 1.52 1.52 1.52 om 
G4 25.39 25.30 25.29 25.33 0.06 1.54 1.52 1.51 1.52 0.02 
G5 25.35 25.24 25.18 25.26 0.09 1.52 1.53 1.54 1.53 0.01 
G6 25.38 25.30 25.32 25.33 0.04 1.53 1.53 1.52 1.53 0.01 
G7 25.42 25.30 25.29 25.34 0.07 1.53 1.53 1.55 1.54 om 
G8 25.23 25.12 25.15 25.17 0.06 1.54 1.53 1.53 1.53 om 
G9 25.24 25.18 25.14 25.19 0.05 1.54 1.53 1.53 1.53 om 
Mean Coupon Width 25.36 Mean Laminate Thickness 1.53 
Std Dev. 0.24 Std Dev. 0.03 
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Table A.II. Width and Thickness Measurements for the 5Q8 Coupons. 
5Q8 Width (mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.33 25.23 25.46 25.34 0.12 3.09 3.08 3.12 3.10 0.02 
A2 25.43 25.38 25.49 25.43 0.06 3.17 3.22 3.21 3.20 0.03 
A3 25.35 25.40 25.40 25.38 0.03 3.24 3.21 3.25 3.23 0.02 
A4 25.25 25.30 25.40 25.32 0.08 3.25 3.18 3.23 3.22 0.04 
A5 25.30 25.25 25.40 25.32 0.08 3.26 3.20 3.22 3.23 0.03 
A6 25.33 25.34 25.36 25.34 0.02 3.19 3.22 3.24 3.22 0.03 
A7 25.35 25.30 25.37 25.34 0.04 3.15 3.20 3.21 3.19 0.03 
A8 25.30 25.27 25.29 25.29 0.02 3.13 3.17 3.19 3.16 0.03 
A9 25.37 25.32 25.41 25.37 0.05 3.23 3.16 3.18 3.19 0.04 
Bl 25.43 25.42 25.35 25.40 0.04 3.21 3.16 3.18 3.18 0.03 
B2 25.38 25.40 25.46 25.41 0.04 3.14 3.18 3.17 3.16 0.02 
B3 25.35 25.30 25.40 25.35 0.05 3.18 3.18 3.19 3.18 0.01 
B4 25.35 25.35 25.30 25.33 0.03 3.17 3.18 3.20 3.18 0.02 
B5 25.40 25.30 25.30 25.33 0.06 3.16 3.18 3.22 3.19 0.03 
B6 25.48 25.45 25.48 25.47 0.02 3.17 3.15 3.14 3.15 0.02 
B7 25.41 25.37 25.47 25.42 0.05 3.17 3.15 3.13 3.15 0.02 
B8 25.40 25.39 25.48 25.42 0.05 3.19 3.15 3.13 3.16 0.03 
B9 25.41 25.33 25.47 25.40 0.07 3.16 3.15 3.13 3.15 0.02 
Fl 25.42 25.41 25.43 25.42 O.ot 3.18 3.20 3.18 3.19 o.ot 
F2 25.51 25.43 25.46 25.47 0.04 3.19 3.18 3.18 3.18 0.01 
F3 25.30 25.30 25.40 25.33 0.06 3.17 3.16 3.16 3.16 0.01 
F4 25.40 25.30 25.35 25.35 0.05 3.16 3.15 3.17 3.16 0.01 
F5 25.40 25.30 25.40 25.37 0.06 3.16 3.14 3.15 3.15 om 
F6 25.35 25.36 25.48 25.40 0.07 3.16 3.14 3.13 3.14 0.02 
F7 25.45 25.35 25.45 25.42 0.06 3.15 3.13 3.12 3.13 0.02 
F8 25.40 25.30 25.35 25.35 0.05 3.15 3.13 3.12 3.13 0.02 
F9 25.35 25.25 25.45 25.35 0.10 3.16 3.13 3.13 3.14 0.02 
Mean Coupon Width 25.37 Mean Laminate Thickness 3.17 
StdDev. 0.07 Std Dev. 0.04 
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Table A.12. Width and Thickness Measurements for the 5Q12 Coupons. 
SQ12 Width (mm) Thickness (mm) 
Coupons Result 1 Result 2 Result 3 Mean StdDev. Result 1 Result 2 Result 3 Mean StdDev. 
Al 25.65 25.55 25.50 25.57 0.08 4.24 4.32 4.42 4.33 0.09 
A2 25.70 25.55 25.50 25.58 0.10 4.60 4.58 4.58 4.59 0.Q1 
A3 25.55 25.60 25.50 25.55 0.05 4.63 4.62 4.62 4.62 0.01 
A4 25.55 25.50 25.45 25.50 0.05 4.64 4.62 4.62 4.63 0.Q1 
A5 25.40 25.45 25.50 25.45 0.05 4.63 4.62 4.62 4.62 0.Q1 
A6 25.50 25.50 25.50 25.50 0.00 4.63 4.61 4.53 4.59 0.05 
A7 25.45 25.50 25.50 25.48 0.03 4.50 4.55 4.62 4.56 0.06 
A8 25.35 25.40 25.50 25.42 0.08 4.55 4.58 4.61 4.58 0.03 
B1 25.50 25.40 25.45 25.45 0.05 4.58 4.57 4.60 4.58 0.02 
B2 25.55 25.50 25.45 25.50 0.05 4.60 4.58 4.61 4.60 0.02 
B3 25.55 25.50 25.45 25.50 0.05 4.62 4.61 4.62 4.62 0.Q1 
B4 25.50 25.45 25.45 25.47 0.03 4.59 4.61 4.61 4.60 0.01 
B5 25.50 25.55 25.55 25.53 0.03 4.60 4.60 4.59 4.60 0.Q1 
B6 25.70 25.60 25.50 25.60 0.10 4.60 4.59 4.59 4.59 0.01 
B7 25.40 25.40 25.50 25.43 0.06 4.61 4.59 4.61 4.60 0.01 
B8 25.55 25.40 25.50 25.48 0.08 4.61 4.57 4.61 4.60 0.02 
B9 25.45 25.40 25.40 25.42 0.03 4.62 4.60 4.62 4.61 0.Q1 
El 25.60 25.60 25.45 25.55 0.09 4.27 4.31 4.41 4.33 0.07 
E2 25.65 25.60 25.55 25.60 0.05 4.56 4.59 4.60 4.58 0.02 
E3 25.65 25.55 25.50 25.57 0.08 4.63 4.65 4.67 4.65 0.02 
E4 25.80 25.60 25.50 25.63 0.15 4.65 4.66 4.68 4.66 0.02 
E5 25.60 25.50 25.50 25.53 0.06 4.64 4.67 4.66 4.66 0.02 
E6 25.55 25.50 25.45 25.50 0.05 4.63 4.66 4.65 4.65 0.02 
E7 25.80 25.60 25.55 25.65 0.13 4.63 4.66 4.64 4.64 0.02 
E8 25.65 25.50 25.50 25.55 0.09 4.61 4.63 4.64 4.63 0.02 
E9 24.10 23.50 22.70 23.43 0.70 4.58 4.58 4.59 4.58 0.01 
Mean Coupon Width 25.44 Mean Laminate Thickness 4.59 
StdDev. 0.43 StdDev. 0.08 
Big A 119.70 119.60 119.50 119.60 0.10 4.64 4.62 4.64 4.63 0.01 
BigB 119.60 119.70 119.75 119.68 0.08 4.64 4.63 4.61 4.63 0.02 
BigC 119.75 119.65 119.45 119.62 0.15 4.60 4.63 4.65 4.63 0.03 
BigD 119.40 119.55 119.60 119.52 0.10 4.56 4.59 4.64 4.60 0.04 
BigE 119.80 119.80 119.90 119.83 0.06 4.56 4.63 4.64 4.61 0.04 
BigF 120.00 119.80 119.70 119.83 0.15 4.64 4.66 4.62 4.64 0.02 
BigG 119.65 119.70 119.65 119.67 0.03 4.61 4.62 4.65 4.63 0.02 
BigH 116.95 117.90 118.05 117.63 0.60 4.65 4.62 4.64 4.64 0.02 
Mean Coupon Width 119.42 Mean Laminate Thickness 4.62 
StdDev. 0.73 StdDev. 0.03 
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2. Fibr olum Frnction R ult 
Table A.13 . Fibre olume Fra tion Result for CFRP Lamjnates. 
Laminate R ult A Result B Result C Average V[ Std Deviation 
(%) (%) (%) (%) (%) 
PX2 43 .8 44.8 44.4 44.3 0.5 
P 4 43 .0 43.7 43.4 43.4 0.3 
PX 43.9 44.9 44.5 44.4 0.5 
-
PQ4 44.1 44.4 44.3 44.3 0.2 
P 44.9 45. 1 44.8 45.0 0.2 
PQI2 41. 42.3 41.9 42.0 0.3 
l-
S 
-
40.6 37.3 38.4 38.8 1.7 
5X4 36.0 38.9 39.9 38.3 2.0 
5X 37.3 38.2 43 .8 39.7 3.5 
r- - 37.0 5 4 39.4 38.5 33. 1 3.4 
40. 39.5 38.4 39.4 1.0 
5Q12 39.5 39.7 39.5 39.6 0.1 
A.3. Mechanical t R uJts 
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Fig. A.i . Graph of Ire again t train / or the PX2 coupons. 
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Fig. A.2. Graph 0/ Iress again I train/or the PX4 coupons. 
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Fig. A.3. Graph 0/ Ire again I train/or Ihe px. coupons. 
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Fig. A.5. Graph 0/ Ire again I train/or the PQ8 coupon. 
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Fig. A.6. Graph of tress against strain for the PQJ2 coupons. 
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Fig. A. 7. Graph of Ire · again I train for Ihe 5X2 coupons. 
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Fig. A.9. Graph of Ire against trainfor fhe 5X coupons. 
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Fig. A. li. Graph of Ire s against strain for the 5Q8 coupons. 
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Fig. A. L . Graph of stre against strain for the 5Q 12 coupons. 
A.3.2. Po· on's Ratio Results 
Table A. 14. Poi on Ratio Re ult for CFRP Laminates. 
Laminate Result A Result B Result C Average v Std Deviation 
PX2 0.1026 0.1027 0.1025 0.1026 0.0001 
PX4 0.0926 0.0931 0.0916 0.0924 0.0007 
PX8 0.0831 0.0824 0.0834 0.0830 0.0005 
-
PQ4 0.3537 0.3495 0.3552 0.3528 0.0030 
PQ8 0.3271 0.3296 0.3260 0.3276 0.00] 8 
PQI2 0.2931 0.3001 0.2962 0.2965 0.0035 
I--
5X2 0.0766 0.0759 0.0772 0.0766 0.0006 
5 4 0.0621 0.0611 0.0623 0.0618 0.0006 
5X 0.4913 0.0509 0.0582 0.0527 0.0048 
- I-
5Q4 0.3007 0.2927 0.2950 0.296] 0.0041 
5Q8 0.3231 0.3193 0.3162 0.3195 0.0034 
5QI 2 0.3215 0.3239 0.3217 0.3224 0.0013 
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A.3.3. Quasi-Static Results 
Table A.IS. Quasi-static Test Results for the PX2 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Strain 
PX2 mm GPa MPa % 
A8 25.08 51.50 489.41 0.9719 
A9 25.14 49.83 471.21 0.9358 
B8 25.11 50.40 482.58 0.9583 
SEN - Un-notched F7a - Run a 24.98 50.42 
F7a- Run b 50.31 50.36 
r---F8a - Run a 24.97 49.90 F8a -Run b 50.14 50.09 
F8a -Rune 50.22 
-----
F9a -Run a 25.07 49.69 
F9a -Run b 50.04 49.95 
F9a -Rune 50.12 
Mean 50.36 481.07 0.96 
StdDev 0.60 9.19 0.02 
Notched Specimen Notch Size (d) d/W Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Circular A6 2.5 0.10 297.36 
Centre Hole B7 2.5 0.10 330.56 316.61 17.22 
F6 2.5 0.10 321.90 
5 mm Circular A2 5 0.20 290.88 
Centre Hole B2 5 0.20 294.14 287.03 9.63 
F2 5 0.20 276.07 
10 mm Circular Al 10 0.40 180.07 
Centre Hole Bl 10 0.40 195.91 184.65 9.82 
F1 10 0.40 177.95 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m nun N MPa mIN 
With Compliance A3 0.004 0.52 2166.65 165.94 1.081E-07 
B3 0.008 0.51 1402.49 109.56 1.665E-07 
F3 0.012 0.51 940.13 73.59 2.424E-07 
Without Compliance B5 0.004 0.50 2138.91 170.36 
F4 0.004 0.51 2399.78 187.77 
A4 0.008 0.51 1438.27 112.54 
F5 0.008 0.51 1527.54 119.38 
AS 0.012 0.52 839.09 64.44 
B4 0.012 0.50 942.96 75.11 
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Table A.16. Quasi-static Test Results for the PX4 Coupons. 
Un-notched Specimen Width (W) Young's Modulus Strength Failure Strain 
PX4 nun GPa MPa % 
A7 25.14 49.43 498.98 0.9707 
A8 25.13 50.34 477.65 0.9292 
B7 24.90 53.23 603.44 1.1740 
SEN - Un-notched C7a - Run a 25.18 52.13 
C7a - Run b 52.13 52.11 
C7a -Rune 52.08 
--------
C8a - Run a 25.22 51.65 
C8a -Run b 52.09 51.96 
C8a - Rune 52.13 
------
C9a - Run a 25.24 50.98 
C9a-Runb 51.50 51.35 
C9a -Rune 51.56 
Mean 51.40 526.69 1.02 
StdDev 1.36 67.32 0.13 
Notched Specimen Notch Size (d) dJW Strength Mean Strength Std Dev 
nun MPa MPa MPa 
2.5 nun Circular A6 2.5 0.10 310.28 
Centre Hole B6 2.5 0.10 362.90 342.04 27.95 
C6 2.5 0.10 352.94 
5 nun Circular A2 5 0.20 306.37 
Centre Hole B2 5 0.20 267.14 293.54 22.87 
C2 5 0.20 307.12 
10 nun Circular A9 10 0.40 218.85 
Centre Hole B9 10 0.40 212.06 211.32 7.92 
Cl 10 0.40 203.06 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 1.05 5184.65 196.10 6.439E-08 
B3 0.008 1.01 2877.13 113.63 8.348E-08 
AS 0.012 1.04 1917.72 73.32 1.255E-07 
B4 0.012 1.00 1845.02 73.30 1.249E-07 
Without Compliance B5 0.004 0.99 4695.07 188.49 
C4 0.004 1.06 4354.01 163.00 
A4 0.008 1.04 2801.58 107.07 
CS 0.008 1.06 2711.42 101.34 
C8 0.008 1.04 3225.68 122.98 
C3 0.012 1.06 2114.09 79.30 
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Table A.17. Quasi-static Test Results for the PX8 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Straill 
PX8 nun GPa MPa % 
A7 25.24 51.47 484.06 0.9110 
A8 25.26 51.78 591.14 1.1125 
E7 25.27 51.42 537.30 1.0112 
SEN - Un-notched F7a - Run a 25.20 55.00 
F7a -Run b 54.96 54.98 
F7a - Runc 54.97 1----------
F8a - Run a 25.18 54.27 
F8a -Run b 54.18 54.19 
F8a -Runc 54.13 
----
F9a -Runa 25.17 55.23 
F9a -Run b 54.82 54.98 
F9a - Runc 54.88 
Mean 53.14 537.50 1.01 
StdDev 1.76 53.54 0.10 
Notched Specimen Notch Size (d) dJW Strength Mean Strength Std Dev 
nun MPa MPa MPa 
2.5 nun Circular A6 2.5 0.10 361.04 
Centre Hole E6 2.5 0.10 339.35 349.20 10.98 
F6 2.5 0.10 347.21 
5 nun Circular A2 5 0.20 287.20 
Centre Hole E2 5 0.20 287.74 290.64 5.50 
F2 5 0.20 296.98 
10 nun Circular Al 10 0.40 198.04 
Centre Hole El 10 0.40 194.12 194.53 3.33 
FI 10 0.40 191.42 
20 nun Circular A 20 0.17 185.55 
Centre Hole B 20 0.17 209.53 
C 20 0.17 202.49 
D 20 0.17 196.93 188.42 15.25 
E 20 0.17 178.25 
F 20 0.17 196.21 
G 20 0.17 168.58 
H 20 0.17 169.84 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m nun N MPa mIN 
With Compliance A3 0.004 2.07 8468.08 162.53 3.050E-08 
E3 0.008 2.09 5536.75 105.25 3.687E-08 
F3 0.012 2.03 3810.99 74.35 5.882E-08 
Without Compliance E5 0.004 2.06 7544.11 145.32 
F4 0.004 2.00 7912.45 156.37 
A4 0.008 2.07 4980.15 95.58 
F5 0.008 1.98 4999.82 100.20 
AS 0.012 2.06 3293.09 63.51 
E4 0.012 2.08 3700.32 70.60 
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Table A.18. Quasi-static Test Results for the PQ4 Coupons. 
Un-notched Specimen Width (W) Young's Modulus Strength Failure Strain 
PQ4 nun GPa MPa % 
A7 25.20 36.69 377.15 1.0142 
G7 25.12 37.15 392.62 1.0558 
G8 25.12 37.05 399.10 1.0732 
SEN - Un-notched F7a - Run a 25.17 37.42 
F7a - Run b 37.72 37.62 
F7a -Rune 37.72 
-
F8a -Runa 25.19 37.17 
F8a - Run b 37.54 37.44 
I 
F8a -Run c 37.61 
--
F9a- Run a 25.15 36.98 
F9a - Run b 37.26 37.18 
F9a - Rune 37.29 
Mean 37.19 389.62 1.05 
StdDev 0.32 11.28 0.03 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
nun MPa MPa MPa 
2.5 mm Circular A6 2.5 0.10 259.63 
Centre Hole F6 2.5 0.10 278.69 272.77 11.40 
G6 2.5 0.10 279.99 
5 mm Circular A2 5 0.20 235.43 
Centre Hole F2 5 0.20 246.81 239.03 6.75 
G2 5 0.20 234.85 
10 mm Circular Al 10 0.40 154.54 
Centre Hole Fl 10 0.40 174.90 169.67 13.31 
Gl 10 0.40 179.57 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 1.02 3982.66 155.00 8.4581E-08 
F3 0.008 1.02 2334.79 90.87 1.066E-07 
G3 0.012 1.01 1711.44 67.40 1.486E-07 
Without Compliance F5 0.004 1.01 4599.01 181.05 
G4 0.004 1.01 4710.75 185.60 
A4 0.008 1.02 2575.63 100.24 
G5 0.008 1.01 2370.19 93.35 
A5 0.012 1.02 1767.51 68.79 
F4 0.012 1.02 1603.86 62.50 
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Table A.l9. Quasi-static Test Results for the PQ8 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Strain 
PQ8 mm GPa MPa % 
A7 25.20 36.14 413.99 1.1249 
A8 25.23 36.14 428.76 1.1650 
B7 25.19 35.97 440.91 1.1980 
SEN - Un-notched F7a - Run a 25.15 37.80 + 37.~ F7a - Run b 38.02 
F7a - Run c 38.00 
F8a - Run a 25.17 37.53 
, ----------
F8a - Run b 37.39 37.45 
F8a - Runc 37.43 
-------------
F9a- Run a 25.15 37.07 
F9a - Run b 37.22 37.18 
F9a- Runc 37.26 
Mean 36.80 427.89 1.16 
StdDev 0.83 13.49 0.04 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Circular A6 2.5 0.10 285.53 
Centre Hole B6 2.5 0.10 260.53 276.80 14.11 
F6 2.5 0.10 284.35 
5 mm Circular A2 5 0.20 225.84 
Centre Hole B2 5 0.20 241.53 234.44 7.95 
F2 5 0.20 235.94 
10 mm Circular Al 10 0.40 153.58 
Centre Hole Bl 10 0.40 162.57 159.98 5.58 
Fl 10 0.40 163.79 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 2.03 8897.54 174.07 3.9761E-08 
B3 0.008 2.02 5319.61 104.71 4.460E-08 
F3 0.012 2.04 3383.96 65.90 6.805E-08 
Without Compliance B5 0.004 2.02 8260.83 162.61 
F4 0.004 2.03 7566.07 148.08 
A4 0.008 2.04 4960.75 96.69 
F5 0.008 2.02 . 4957.89 97.47 
AS 0.012 2.03 3033.17 59.46 
B4 0.012 2.02 3226.28 63.43 
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Table A.20. Quasi-static Test Results for the PQ12 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Strain 
PQl2 mm GPa MPa % 
A4 2'i.2'i 1'i.97 1R1.19 1.0R9fi 
D2 25.33 33.90 373.75 1.0627 
D4 25.30 34.15 357.82 1.0174 
SEN - Un-notched A3a - Run a 25.30 36.05 
A3a - Run b 36.29 36.22 
A3a - Rune 36.32 ~-------------
D6a - Run a 25.27 35.14 
D6a-Runb 35.21 35.20 
D6a - Rune 35.26 ~--------
D7a -Runa 25.30 34.73 
D7a - Run b 35.16 35.03 
D7a - Rune 35.20 
--
D8a - Run a 25.32 34.65 
D8a-Runb 34.89 34.83 
D8a-Rune 34.95 
------
E2a -Runa 25.32 35.23 
E2a -Run b 35.69 35.57 
E2a - Run e 35.79 
-
E3a- Run a 25.27 35.31 
E3a -Run b 35.80 35.65 
E3a -Rune 35.84 
Mean 35.17 371.58 1.06 
StdDev 0.79 12.82 0.04 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Circular AS 2.5 0.10 260.46 
Centre Hole D5 2.5 0.10 251.55 254.44 5.21 
E6 2.5 0.10 251.31 
5 mm Circular A6 5 0.20 204.64 
Centre Hole A9 5 0.20 214.58 211.23 5.71 
Dl 5 0.20 214.48 
10 nun Circular A7 10 0.40 155.44 
Centre Hole A8 10 0.40 166.69 156.05 10.35 
E9 10 0.40 146.02 
20 nun Circular A 20 0.17 165.83 
Centre Hole B 20 0.17 173.94 
C 20 0.17 175.86 169.97 4.61 
D 20 0.17 167.83 
E 20 0.17 166.37 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 3.11 12830.09 163.06 2.726E-08 
El 0.004 3.16 13133.82 164.47 2.831E-08 
E5 0.004 3.18 12135.61 150.84 2.769E-08 
A2 0.008 3.12 7481.14 94.70 3.272E-08 
D9 0.008 3.10 7343.24 93.15 3.390E-08 
E2 0.008 3.19 7088.65 87.76 3.198E-08 
Al 0.012 3.07 4857.50 62.86 4.740E-08 
D8 0.012 3.17 5459.31 68.02 4. 171E-08 
E4 0.012 3.18 5173.92 64.31 4.157E-08 
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Table A.21. Quasi-static Test Results for the 5X2 Coupons. 
Un-notcbed ~pecimen Widtb(W) Young's Modulus Strengtb Failure Strain 
5X2 mm GPa MPa % 
B7 25.12 44.55 376.87 0.8361 
B8 25.18 45.02 473.55 1.0506 
C7 25.09 43.93 407.59 0.9043 
SEN - Un-notched F7a- Run a 25.14 45.79 
F7a - Run b 46.04 45.97 
F7a -Runc 46.07 
---------
F8a - Run a 25.10 44.98 
F8a - Run b 45.43 45.29 
F8a - Runc 45.46 
-------
F9a- Run a 25.07 45.41 
F9a - Run b 45.77 45.68 
F9a- Runc 45.85 
Mean 45.07 419.33 0.93 
StdDev 0.75 49.40 0.11 
Notched Specimen Notch Size (d) dIW Strengtb Mean Strengtb Std Dev 
mm MPa MPa MPa 
2.5 mm Circular B6 2.5 0.10 285.82 
Centre Hole C6 2.5 0.10 286.32 305.28 33.28 
F6 2.5 0.10 343.70 
5 mm Circular B2 5 0.20 286.77 
Centre Hole C2 5 0.20 230.99 244.76 37.10 
F2 5 0.20 216.51 
10 mm Circular Bl 10 0.40 182.99 
Centre Hole Cl 10 0.40 194.23 187.31 6.06 
Fl 10 0.40 184.70 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance B3 0.004 0.81 2931.32 143.66 9. 1391E-08 
C3 0.008 0.79 2004.16 100.87 1.202E-07 
F3 0.012 0.80 1630.64 81.21 1.81IE-07 
Without Compliance C5 0.004 0.81 2903.50 142.75 
F4 0.004 0.81 3417.14 167.67 
B4 0.008 0.81 2530.76 124.23 
F5 0.008 0.81 1838.76 90.26 
B5 0.012 0.81 1784.27 87.59 
C4 0.012 0.80 1377.90 68.51 
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Table A.22. Quasi-static Test Results for the 5X4 Coupons. 
Un-notcbed Specimen Widtb(W) Young's Modulus Strengtb Failure Strain 
5X4 mm GPa MPa % 
A7 25.17 46.18 550.48 1.1711 
A8 25.19 46.14 524.33 1.1155 
B7 25.19 46.90 531.24 1.1302 
SEN - Un-notched F7a- Run a 25.26 47.35 
F7a- Run b 47.13 47.08 
F7a- Rune 46.76 
F8a- Run a 25.20 47.88 
F8a- Run b 47.76 47.76 
F8a- Rune 47.72 
-
F9a- Run a 25.23 48.13 
F9a- Run b 47.90 47.96 
F9a- Rune 47.85 
Mean 47.00 535.35 1.14 
StdDev 0.76 13.55 0.03 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Cireular A6 2.5 0.10 320.64 
Centre Hole B6 2.5 0.10 294.52 304.08 14.40 
F6 2.5 0.10 297.07 
5 mm Circular A2 5 0.20 279.26 
Centre Hole B2 5 0.20 267.00 267.48 11.54 
F2 5 0.20 256.20 
10 nun Circular Al 10 0.40 183.37 
Centre Hole Bl 10 0.40 180m 182.31 1.99 
F1 10 0.40 183.53 
SEN Fracture Specimen Crack Length Thickness MuLoad Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 1.62 5039.43 123.39 4.420E-08 
B3 0.008 1.59 3514.34 87.67 5.589E-08 
F3 0.012 1.60 2846.54 70.49 8.495E-08 
Without Compliance B5 0.004 1.58 6513.77 163.86 
F4 0.004 1.60 5405.29 134.06 
A4 0.008 1.62 3971.82 97.91 
F5 0.008 1.59 3182.93 79.31 
A5 0.012 1.63 3063.03 74.75 
B4 0.012 1.58 2688.51 67.52 
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Table A.23. Quasi-static Test Results for the 5X8 Coupons. 
Un-notched Specimen Width (W) Young's Modulus Strength Failure Straill 
5X8 nun GPa MPa % 
C7 25.25 47.66 440.43 0.9285 
C8 25.22 46.04 455.50 0.9603 
07 25.34 46.85 441.57 0.9309 
SEN - Un-notched F7a- Run a 25.23 47.30 
F7a - Run b 47.75 47.62 
F7a- Runc 47.83 
- -------
F8a- Run a 25.25 47.63 ~7.~ ___ F8a- Run b 47.99 F8a- Runc 48.02 
F9a- Run a 25.28 48.35 
F9a - Run b 48.64 48.55 
F9a - Runc 48.67 
Mean 47.44 445.83 0.94 
StdDev 0.88 8.39 0.02 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Circular C6 2.5 0.10 335.98 
Centre Hole 06 2.5 0.10 274.29 306.43 30.93 
F6 2.5 0.10 309.03 
5 mm Circular C2 5 0.20 269.72 
Centre Hole 02 5 0.20 256.71 255.15 15.42 
F2 5 0.20 239.oI 
10 nun Circular Cl 10 0.40 196.01 
Centre Hole 01 10 0.40 189.17 188.29 8.20 
Fl 10 0.40 179.68 
20 mm Circular A 20 0.17 164.53 
Centre Hole B 20 0.17 161.42 164.88 6.22 
C 20 0.17 159.83 
H 20 0.17 173.75 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance C3 0.004 3.13 11519.94 146.23 2.068E-08 
03 0.008 3.19 7501.46 93.06 2.631E-08 
F3 0.012 3.16 4984.06 62.51 3.362E-08 
Without Compliance 05 0.004 3.19 10780.22 133.84 
F4 0.004 3.17 11467.44 143.38 
C4 0.008 3.14 7643.87 96.60 
F5 0.008 3.16 6532.88 81.97 
C5 0.012 3.14 4692.54 59.35 
D4 0.012 3.19 5197.54 64.32 
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Table A.24. Quasi-static Test Results for the 5Q4 Coupons. 
Un-notched Specimen Width (W) Young's Modulus Strength Failure Strahl 
504 nun GPa MPa % 
B7 25.25 33.86 377.48 1.1073 
B8 25.28 33.73 352.40 1.0337 
C7 25.28 34.17 395.45 1.1600 
SEN - Un-notched F7a- Run a 25.24 34.25 
F7a- Run b 34.30 34.17 
F7a- Rune 33.96 
-
F8a- Run a 25.23 34.09 
FSa- Run b 34.27 34.20 
FSa- Rune 34.25 
--
F9a- Run a 25.25 34.44 
F9a-Run b 34.38 34.41 
F9a- Rune 34.40 
Mean 34.09 375.11 1.10 
StdDev 0.25 21.62 0.06 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
nun MPa MPa MPa 
2.5 nun Circular B6 2.5 0.10 241.94 
Centre Hole C6 2.5 0.10 234.41 242.44 8.29 
F6 2.5 0.10 250.97 
5 nun Circular B2 5 0.20 205.21 
Centre Hole C2 5 0.20 204.25 202.05 4.67 
F2 5 0.20 196.6S 
10 mm Circular Bl 10 0.40 15S.08 
Centre Hole Cl 10 0.40 158.99 154.95 6.22 
Fl 10 0.40 147.79 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m nun N MPa mIN 
With Compliance B3 0.004 1.53 6343.28 164.20 5.943E-OS 
C3 0.008 1.54 3863.70 99.21 7.l27E-OS 
F3 0.012 1.54 2265.14 58.41 1.027E-07 
Without Compliance C5 0.004 1.52 6050.29 157.39 
F4 0.004 1.54 6480.34 166.65 
B4 O.OOS 1.52 3492.05 91.24 
F5 O.OOS 1.54 3991.97 102.70 
B5 0.012 1.53 2360.40 61.05 
C4 0.012 1.53 2482.97 64.20 
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Table A.2S. Quasi-static Test Results for the SQ8 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Strain 
5Q8 mm GPa MPa % 
A7 25.34 34.45 337.56 1.0066 
A8 25.29 34.24 364.81 1.0878 
B7 25.42 32.45 337.70 1.0070 
SEN - Un-notched F7a - Run a 25.42 32.71 
F7a-Run b 32.92 32.87 
F7a- Runc 32.98 
----
FSa- Run a 25.35 33.41 
F8a- Run b 33.51 33.49 
F8a - Runc 33.54 
--
F9a- Run a 25.35 33.75 
F9a- Run b 33.72 33.73 
F9a- Runc 33.72 
Mean 33.54 346.69 1.03 
StdDev 0.77 15.69 0.05 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
mm MPa MPa MPa 
2.5 mm Circular A6 2.5 0.10 254.71 
Centre Hole B6 2.5 0.10 239.41 240.29 14.00 
F6 2.5 0.10 226.75 
5 mm Circular A2 5 0.20 206.55 
Centre Hole B2 5 0.20 191.05 199.51 7.85 
F2 5 0.20 200.93 
10 mm Circular Al 10 0.40 148.16 
Centre Hole Bl 10 0.40 142.78 142.06 6.50 
Fl 10 0.40 135.23 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m mm N MPa mIN 
With Compliance A3 0.004 3.23 10935.78 133.40 2.674E-08 
B3 0.008 3.18 7234.64 89.75 3.462E-08 
F3 0.012 3.16 4596.51 57.43 4.432E-08 
Without Compliance B5 0.004 3.19 11554.37 142.99 
F4 0.004 3.16 13210.11 164.91 
A4 0.008 3.22 7083.10 86.88 
F5 0.008 3.15 7397.48 92.57 
AS 0.012 3.23 4316.26 52.78 
B4 0.012 3.18 4741.66 58.87 
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Table A.26. Quasi-static Test Results for the 5Q12 Coupons. 
Un-notched Specimen Width(W) Young's Modulus Strength Failure Strain 
5Ql2 nun GPa MPa % 
Al 25.57 35.35 351.34 1.0098 
A7 25.48 34.70 388.80 1.1175 
B5 25.53 34.16 377.82 1.0859 
E9 23.43 - 359.94 -
SEN - Un-notched Ela - Run a 25.55 36.19 
Ela- Run b 36.35 36.28 
Ela - Run c 36.30 
._-
---------------
E2a- Run a 25.60 34.09 
E2a- Run b 34.37 34.26 
E2a- Runc 34.34 
-----------
E3a- Rona 25.57 33.85 
E3a- Run b 34.12 34.00 
E3a- Runc 34.02 
Mean 34.79 369.47 1.07 
Std Dev 0.88 16.96 0.06 
Notched Specimen Notch Size (d) dIW Strength Mean Strength Std Dev 
DUD MPa MPa MPa 
2.5 nun Circular A3 2.5 0.10 246.51 
Centre Hole A8 2.5 0.10 239.66 244.25 3.97 
82 2.5 0.10 246.57 
5 nun Circular A2 5 0.20 203.92 
Centre Hole A5 5 0.20 219.98 214.07 8.83 
Bl 5 0.20 21S.30 
10 nun Circular A4 10 0.40 140.63 
Centre Hole 83 10 0.40 140.95 142.89 3.65 
B4 10 0.40 147.10 
20 nun Circular A 20 0.17 161.46 
Centre Hole 8 20 0.17 148.66 
C 20 0.17 152.70 153.79 4.72 
D 20 0.17 153.83 
E 20 0.17 149.59 
H 20 0.17 156.50 
SEN Fracture Specimen Crack Length Thickness Max Load Failure Stress Compliance 
m DUD N MPa mIN 
With Compliance E4 0.004 4.66 1774S.02 148.60 1.919E-08 
E5 0.008 4.66 9749.35 81.95 2.306E-08 
E6 0.012 4.65 5648.58 47.64 3.S26E-08 
Without Compliance E7 0.004 4.64 17460.92 146.71 
86 0.004 4.59 15716.29 133.75 
E8 0.008 4.63 9487.68 80.20 
B7 0.008 4.60 10728.79 91.72 
88 0.012 4.60 5943.80 50.71 
89 0.012 4.61 6425.36 54.83 
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B.l. Model Data 
B.l.1. Whitney Nuismer Point Stress Criterion Data 
Table B.I. Whitney Nuismer Point Stress Criterion Data and Notched Strength Prediction 
Laminate Notch Size Ratio Experimental PSC 
a d/W Strength - aN y/ (jN",,/ (jo ~/ do aN Prediction 
(rom) (MPa) (unit-less) (unit-less) (m- I ) (nun) (MPa) 
PX2 1.25 0.1 316.6 1.011 0.665 0.719 0.489 333.8 
2.5 0.2 287.0 1.046 0.624 0.750 0.833 252.1 
5 0.4 184.7 1.230 0.472 0.845 0.920 174.8 
PX4 1.25 0.1 342.0 1.011 0.656 0.727 0.469 362.1 
2.5 0.2 293.5 1.046 0.583 0.779 0.710 273.6 
5 0.4 211.3 1.228 0.493 0.833 1.003 190.4 
PX8 1.25 0.1 349.2 1.011 0.657 0.729 0.465 354.5 
2.5 0.2 290.6 1.046 0.565 0.791 0.661 268.6 
5 0.4 194.5 1.226 0.444 0.860 0.813 }89.~ ___ 
10 0.17 188.4 1.032 0.362 0.905 1.047 203.7 
PQ4 1.25 0.1 272.8 1.011 0.708 0.620 0.767 306.0 
2.5 0.2 239.0 1.046 0.642 0.682 1.164 234.7 
5 0.4 169.7 1.228 0.535 0.783 1.387 157.9 
PQ8 1.25 0.1 276.8 1.011 0.654 0.671 0.612 299.1 
2.5 0.2 234.4 1.046 0.573 0.747 0.848 226.0 
5 0.4 160.0 1.227 0.459 0.858 0.829 156.7 
PQ12 1.25 0.1 254.4 1.010 0.692 0.635 0.719 280.2 
2.5 0.2 211.2 1.046 0.594 0.727 0.940 213.1 
5 0.4 156.1 1.225 0.514 0.803 1.?~ 145.0 
10 0.17 170.0 1.032 0.472 0.844 1.842 152.7 
5X2 1.25 0.1 305.3 1.011 0.736 0.657 0.653 308.8 
2.5 0.2 244.8 1.046 0.611 0.762 0.783 233.9 
5 0.4 187.3 1.228 0.549 0.801 1.243 159.8 
5X4 1.25 0.1 304.1 1.011 0.574 0.787 0.339 331.1 
2.5 0.2 267.5 1.046 0.523 0.817 0.561 252.9 
5 0.4 182.3 1.227 0.418 0.874 0.721 181.7 
5X8 1.25 0.1 306.4 1.011 0.695 0.700 0.535 315.5 
2.5 0.2 255.2 1.046 0.598 0.772 0.740 238.5 
5 0.4 188.3 1.225 0.517 0.820 1.099 165.0 
10 0.17 164.9 1.032 0.382 0.893 1.195 173.8 
5Q4 1.25 0.1 242.4 1.011 0.653 0.672 0.611 273.2 
2.5 0.2 202.1 1.046 0.563 0.756 0.807 206.8 
5 0.4 155.0 1.226 0.506 0.810 1.170 141.9 
5Q8 1.25 0.1 240.3 1.010 0.700 0.627 0.744 260.3 
2.5 0.2 199.5 1.045 0.601 0.720 0.972 197.8 
5 0.4 142.1 1.223 0.501 0.816 1.131 134.9 
5Q12 1.25 0.1 244.3 1.010 0.668 0.658 0.650 268.3 
2.5 0.2 214.1 1.045 0.605 0.716 0.990 203.2 
5 0.4 142.9 1.221 0.472 0.844 0.924 139.9 
10 0.17 153.8 1.032 0.429 0.888 1.258 145.7 
Where Y/ is the finite width correction factor, UN." / (jo is the notched strength for an infinite width 
coupon, divided by the un-notched strength and ~/ is the notch size divided by notch size plus the 
point stress criterion characteristic distance. 
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B.1.2. Whitney Nuismer Average Stress Criterion Data 
Table B.2. Whitney Nuismer Average Stress Criterion Data and Notched Strength Prediction 
Laminate Notch Size Ratio !Experimental ASC 
a d/W Strength - UN y/ UN"" I CTo ~2 ao UN Prediction 
(mm) (MPa) (unit-less) (unit-less) (m-I ) imm) (MPa) 
PX2 1.25 0.1 316.6 1.011 0.665 0.392 1.937 339.8 
2.5 0.2 287.0 1.046 0.624 0.447 3.088 274.0 
5 0.4 184.7 1.230 0.472 0.656 2.627 193.0 
PX4 1.25 0.1 342.0 1.011 0.656 0.404 1.844 367.7 
2.5 0.2 293.5 1.046 0.583 0.504 2.463 295.9 
5 0.4 211.3 1.228 0.493 0.627 2.976 208.9 
PX8 1.25 0.1 349.2 1.011 0.657 0.404 1.847 362.4 
2.5 0.2 290.6 1.046 0.565 0.528 2.239 290.4 
5 0.4 194.5 1.226 0.444 0.691 _~.2!5_ 206.3 
-c-- 0.362- ------ _._-------10 0.17 188.4 1.032 0.797 2.544 214.6 
PQ4 1.25 0.1 272.8 1.011 0.708 0.337 2.455 287.3 
2.5 0.2 239.0 1.046 0.642 0.428 3.347 233.9 
5 0.4 169.7 1.228 0.535 0.591 3.454 164.6 
PQ8 1.25 0.1 276.8 1.011 0.654 0.411 1.794 283.5 
2.5 0.2 234.4 1.046 0.573 0.530 2.216 226.8 
5 0.4 160.0 1.227 0.459 0.726 1.890 161.5 
PQ12 1.25 0.1 254.4 1.010 0.692 0.358 2.240 263.3 
2.5 0.2 211.2 1.046 0.594 0.497 2.526 212.6 
5 0.4 156.1 1.225 0.514 0.626 2.987 150.2 
--
10 0.17 170.0 1.032 0.472 0.701 4.263 157.1 
5X2 1.25 0.1 305.3 1.011 0.736 0.300 2.918 313.4 
2.S 0.2 244.8 1.046 0.611 0.466 2.867 256.0 
5 0.4 187.3 1.228 0.549 0.551 4.078 180.2 
5X4 1.25 0.1 304.1 1.011 0.574 0.515 1.175 337.0 
2.5 0.2 267.5 1.046 0.523 0.585 1.771 269.0 
5 0.4 182.3 1.227 0.418 0.723 1.912 193.5 
5X8 1.25 0.1 306.4 1.011 0.695 0.353 2.290 322.0 
2.5 0.2 255.2 1.046 0.598 0.482 2.685 260.9 
5 0.4 188.3 1.225 0.517 0.592 3.444 184.1 
-
10 0.17 164.9 1.032 0.382 0.769 3.004 186.6 
5Q4 1.25 0.1 242.4 1.011 0.653 0.412 1.787 256.5 
2.5 0.2 202.1 1.046 0.563 0.545 2.083 205.9 
5 0.4 155.0 1.226 0.506 0.640 2.816 146.0 
5Q8 1.25 0.1 240.3 1.010 0.700 0.347 2.353 245.3 
2.5 0.2 199.5 1.045 0.601 0.487 2.638 198.0 
5 0.4 142.1 1.223 0.501 0.649 2.705 140.1 
5Q12 1.25 0.1 244.3 1.010 0.668 0.391 1.948 253.6 
2.5 0.2 214.1 1.045 0.605 0.481 2.701 203.8 
5 0.4 142.9 1.221 0.472 0.700 2.139 144.9 
10 0.17 153.8 1.032 0.429 0.783 2.779 149.5---
Where Y/ is the finite width correction factor, CTNao / CTo is the notched strength for an infinite width 
coupon, divided by the un-notched strength and 42 is the notch size divided by notch size plus the 
average stress criterion characteristic distance. 
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B.1.3. Critical Damage Growth Model Data 
Table B.3. Critical Damage Growth Model Data and Notched Strength Prediction 
Laminate Notch Ratio !Experimental CDG 
Size 
a dIW Strength - aN Y2 Fo Yj q Co aN 
Prediction 
(mm) (MPa) I (unit-less) . (unit-less) (unit-less) (m-I ) I(mm) (MPa) 
PX2 1.25 0.1 316.6 1.015 1.229 1.011 0.342 2.41 335.2 
2.5 0.2 287.0 1.032 1.435 1.046 0.495 2.55 274.1 
5 0.4 184.7 1.094 1.720 1.230 0.629 2.96 200.6 
PX4 1.25 0.1 342.0 1.013 1.250 1.011 0.361 2.21 359.3 
2.5 0.2 293.5 1.030 1.479 1.046 0.519 2.31 292.0 
5 0.4 211.3 1.088 1.787 1.228 0.654 2.65 213.6 
PX8 1.25 0.1 349.2 1.011 1.303 1.011 0.406 1.83 349.4 
2.5 0.2 290.6 1.025 1.589 1.046 0.574 1.86 280.4 
5 0.4 194.5 1.078 1.944 1.226 0.706 ~:08_ f-~05.~_ 
-----
10 0.17 188.4 1.010 2.668 1.032 0.882 1.34 199.4 
PQ4 1.25 0.1 272.8 1.016 1.217 1.011 0.330 2.53 274.8 
2.5 0.2 239.0 1.034 1.411 1.046 0.481 2.70 225.5 
5 0.4 169.7 1.097 1.684 1.228 0.615 3.14 165.3 
PQ8 1.25 0.1 276.8 1.010 1.316 1.011 0.416 1.75 275.2 
2.5 0.2 234.4 1.024 1.615 1.046 0.586 1.77 220.2 
5 0.4 160.0 1.076 1.978 1.227 0.716 1.98 161.7 
PQ12 1.25 0.1 254.4 1.013 1.253 1.010 0.364 2.18 252.8 
2.5 0.2 211.2 1.029 1.486 1.046 0.523 2.28 205.3 
5 0.4 156.1 1.086 1.800 1.225 ~_:§58 ~~~O 150.4 
-------
-142.1--10 0.17 170.0 1.010 2.538 1.032 0.855 1.69 
5X2 1.25 0.1 305.3 1.020 1.182 1.011 0.293 3.02 307.8 
2.5 0.2 244.8 1.040 1.339 1.046 0.433 3.27 255.8 
5 0.4 187.3 1.111 1.569 1.228 0.565 3.86 188.2 
5X4 1.25 0.1 304.1 1.009 1.386 1.011 0.465 1.44 326.4 
2.5 0.2 267.5 1.021 1.754 1.046 0.641 1.40 258.6 
5 0.4 182.3 1.070 2.146 1.227 0.763 1.55 191.6 
5X8 1.25 0.1 306.4 1.011 1.304 1.011 0.406 1.83 289.8 
2.5 0.2 255.2 1.025 1.590 1.046 0.574 1.85 232.5 
5 0.4 188.3 1.077 1.946 1.225 0.701_ 2.08 170.7 
10 0.17 164.9 1.010 2.669 1.032 0.882 1.34 165.3 
5Q4 1.25 0.1 242.4 1.013 1.254 1.011 0.365 2.18 255.0 
2.5 0.2 202.1 1.029 1.487 1.046 0.523 2.28 207.1 
5 0.4 155.0 1.086 1.800 1.226 0.658 2.60 151.7 
5Q8 1.25 0.1 240.3 1.013 1.249 1.010 0.360 2.22 236.8 
2.5 0.2 199.5 1.029 1.477 1.045 0.518 2.32 192.6 
5 0.4 142.1 1.086 1.788 1.223 0.654 2.65 141.3 
5Q12 1.25 0.1 244.3 1.009 1.346 1.010 0.438 1.61 232.1 
2.5 0.2 214.1 1.022 1.676 1.045 0.611 1.59 184.9 
5 0.4 142.9 1.072 2.059 1.221 0.740 1.76 136.5 
1.032 
-/---
-
10 0.17 153.8 1.010 2.750 0.897 1.14 134.5 
Where Y1 is a finite width correction factor for a crack emanating from a hole, Fo is a correction factor 
for cracks growing from a circular hole, Yj is the finite width correction factor, q is the notch size 
divided by notch size plus the damage zone length and Co is the damage zone length. 
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8.3. Param tri tud 
Tabl 8.4. Tabl howing th Result of the Parametric Study for the Plain Weave Laminates 
Laminate Ratio Exp. COG Model Results 
a- Co a: Pred. Error Co U N Pred. Error Co UN Pred. Error 
(MPa) (mm) (MPa) (%) (mm) (MPa) (%) (mm) (MPa) (%) 
F\I-J1Ioo & CG -10°/0 FM & CG -10% FM +10% & CG -10% 
PQ4 0. / _7_. 2.53 247.3 9.34 3.04 257.7 5.54 3.56 266.4 2.32 
0._ _ 9.0 
_.70 203.0 15.09 3.29 214.2 10.39 3.90 223.9 6.33 
0.4 169.7 3.14 148.8 12.32 3.88 157.7 7 .07 4.63 165.6 2.40 
F \ 1 - I 0° ° &. CG FM&CG FM+IO%&CG 
0.1 - _ . 2.10 262.5 3.75 2.53 274.8 -0.74 2.98 285.2 -4.57 
.-
.. 9. 2.19 21-. 11.05 2.70 225.5 5.65 3.23 236.8 0.92 
0.4 I 9.7 .. .49 155.6 8.30 3.14 165.3 2.58 3.81 174.3 -2.70 
F\I· IO,,&CG-IO'o F\1 & CG +10°/0 FM +10% & CG +10% 
0. 1 
- -. 1.76 276.0 -1.17 2.14 290.1 -6.36 2.53 302.3 -J 0.81 
.-
_ 9. 1. __ 0.9 7.5 _.23 235.2 1.59 2.70 248.1 -3.78 
0.4 169.7 ... 00 16_.1 4.45 2.55 172.1 -1.46 3.14 181.8 -7.16 
F\1 .11 1<'0 &. CG -10°'0 FM &. CG -10% FM +10% & CG -10% 
P . 1 _7 . 1.75 247.7 10.52 2.13 260.4 5.93 2.52 271.3 1.98 
1 _ 4.4 1.7 19 ._ 15.45 2._2 211.1 9.95 2.69 222.7 5.03 
004 160.0 1.98 145.6 9.0_ 2.53 154.6 3.39 3. 12 ]63.3 -2.05 
F~\ -10 0 0 &. CG FM&CG FM +10% & CG 
. 1 I 1.4"' 260.5 5.91 1.75 275.2 0.58 2.09 288.0 -4.05 
-
.-
_ 4.4 I. _0 . 1_.00 1.77 220.2 6.05 2.17 233.2 0.53 
004 160.0 1.54 15_.9 4.43 1.9~ 161.7 -1.09 2.47 170.7 -6.72 
1\1 < < &. C G t- I 0" ° F\{ & CG ~ 10% FM + 10°10 & CG +10% 
. 1 _76. 1.18 271.4 1.95 1.46 288.1 -4.07 1.75 302.7 -9.36 
.-
_ 4.4 1.10 _14.0 .73 1.42 228.3 2.60 1.77 242.3 -3.34 
OA 160.0 1.21 160.7 -0.47 1.58 169.0 -5 .67 1.98 177.9 -1] .20 
F\\ ·111"" &. CG -10°0 FM &. CG -10% FM +10% & CG -10% 
p 1- 0.1 _ 4.4 2.18 227.5 10.59 2.63 237.9 6.50 3.09 246.7 3.02 
.-
-II _ _.- 1 4. 12.5" 2.81 195.8 7.30 3.36 205.5 2.73 
004 I 60 _.60 135.4 13.23 3.26 143.8 7.83 3.95 151.6 2.88 
f .\ 1 . I n° 0 &. CG FM&CG FM +10°/0 & CG 
0.1 _ 44 1.80 240.6 5.45 2.1 8 252.8 0.66 2.58 263.2 -3.46 
.-
_II _ 1. _ I 2.9 .70 2.2 205.3 2.81 2.76 216.4 -2.46 
< 0.4 1;6.0 _.04 141.7 9.23 2.60 150.4 3.59 3.20 158.9 -1.83 
F \ \ . I (10" &. CG III"" FM &'CG ,10% FM + I 0% & CG + 1 0% 
0. 1 :! 4 1.50 I :!52.0 0.98 1.83 265.9 -4.52 2.18 278.0 
-9.28 
.-
_11 14 I - .0 I. 6 2 13.4 -1 .05 2.28 225.8 -6.91 
0.4 156.0 1.6:" 148.0 ~.17 _.09 156.7 -0.42 2.60 165.5 
-6.05 
rp. i th perim mall d t rmined n t hed trength, Co i th critical damage zone 
I n lh 'i pr:di t!d b th m I, and cr\ Pred. i th DG model predicted notched strength. 
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Table B.5. Table Showing the Results of the Parametric Study for the Five Harness Satin Weave 
Laminates 
Laminate Ratio Exp. CDG Model Results 
d/W <7N CO a N Pred. Error Co a N Pred. Error Co a N Pred. Error 
(M Pa) (mm) (MPa) (%) (mm) (MPa) (%) (mm) (MPa) (%) 
FM -10% & CG -10% FM &CG-IO% FM + 10% & CG -10% 
5Q4 0.1 242.4 2.18 229.5 5.32 2.62 240.0 0.99 3.09 249.0 -2.70 
0.2 202.0 2.28 186.4 7.75 2.81 197.5 2.23 3.35 207.3 -2.59 
0.4 155.0 2.60 136.5 11.89 3.26 145.0 6.41 3.94 152.8 1.38 
FM -IO%&CG FM&CG FM + I0%&CG 
0.1 242.4 1.80 242.7 -0.12 2.18 255.0 -5.20 2.58 265.6 -9.56 
0.2 202.0 1.82 194.5 3.71 2.28 207.J -2.50 2.75 218.3 -8.05 
0.4 155.0 2.04 142.8 7.82 2.60 151.7 2.10 3.19 160.2 -3,41 
FM -10% & CG +10% FM & CG + IO% FM +10% & CG +10% 
0.1 242.4 1.49 254.2 -4.85 1.83 268.3 -10.67 2.18 280.5 -15.72 
0.2 202.0 1.46 201.7 0.16 1.86 215.3 -6.57 2.28 227.8 -12.75 
0.4 155.0 1.62 149.2 3.70 2.08 158.0 -1.97 2.60 166.9 -7.69 
FM -10% & CG -10% FM & CG -10% FM + 10% & CG -10% 
5Q 0.1 240.3 2.22 213.1 11.30 2.67 222.8 7.28 3.14 231.0 3.86 
0.2 199.5 2.32 173.4 13. 11 2.86 183.6 7.95 3.41 192.6 3046 
0.4 142.1 2.65 127.1 10.50 3.32 135.0 4.94 4.01 142.3 -0.14 
FM -10% & CG FM&CG FM + I0%&CG 
0.1 240.3 1.83 225.5 6.16 2.22 236.8 1.44 2.62 246.6 -2.61 
0.2 199.5 1. 6 181.0 9.28 2.32 192.6 3,45 2.81 203.0 -1.74 
0.4 142.1 2.08 133.0 6.39 2.65 141.3 0.56 3.25 149.2 -5 .02 
FM -10% & CG + 10% FM & CG + 10% FM +10% & CG + 10% 
0.1 240.3 1.53 236.3 1.67 1.86 249.3 -3.73 2.22 260.5 -8,42 
0.2 199.5 1.50 187.7 5.91 1.90 200.3 -0.41 2.32 211.9 -6.20 
0.4 142.1 1.65 138.9 2.24 2.13 147.1 -3.56 2.65 155.4 -9.38 
Pvl -10°'0 & CG -10% FM &CG -10% FM +10% & CG -10% 
5 1- 0.1 244._ 1.61 208.9 14.48 1.96 220.1 9.89 2.32 229.8 5.92 
0._ 214.1 1.59 166.4 22.27 2.01 177.5 17.09 2.45 187.5 12.39 
0.4 142.9 1.76 122.9 14.01 2.26 130.3 8.81 2.80 137.7 3.66 
FI\1 -10°'0 & CG FM&CG FM+10%&CG 
0.1 _44.2 1.30 219.2 10.27 1.61 232.1 4.98 1.92 243.4 0.35 
0.2 _14.1 1._4 173. 1 19.12 1.59 184.9 13.63 1.97 196.0 8.43 
0.4 14_.9 1.36 129.4 9.43 1.76 136.5 4.45 2.21 143.9 -0.74 
F\'1 -10°'0 & CG + 10°10 FM &CG + 10% FM +10% & CG +10% 
0.1 _44._ 1.06 227.9 6.67 1.33 242.5 0.74 1.61 255.3 -4.53 
O. 14.1 0.9 179. 16.00 1.27 191.6 10.48 1.59 203.4 4.99 
0.4 142.9 1.08 136.5 4.49 lAO 143.1 -0.11 1.76 150.2 -5.10 
V h rc £r:p. 0\ i th e. perim ntall d t rmined not hed trength, Co is the critical damage zone 
I n th a pr di t d th m I. and <7,' Pred. i th CDG model predicted notched strength. 
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Fig. B._ . Graph of tre again t damage =one size, howing the results of the parametric study for 
the 10 mm circular centre notch for the PQ4 laminate. 
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Fig. B.3l. Graph of stress against damage zone size, showing the results of the parametric study for 
the 2.5 mm circular centre notch, for the PQ12 laminate. 
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Fig. B.32. Graph of stress against damage zone size, showing the results of the parametric study for 
the 5 mm circular centre notch, for the PQ12laminate. 
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Fig. B.3 . Graph of Ire again' damage zone size showing the results of the parametric study for 
Ihe 2.5 mm circular centre notch, for the 5Q8 laminate. 
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Fig. B.3 . Graph of Ire again t damage zone size, howing 'he results of the parametric study for 
the 5 mm circular centre notch, for the 5Q8 laminate. 
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